Fracture of metals by Vetters, Archibald
 
 
 
 
 
 
 
https://theses.gla.ac.uk/ 
 
 
 
 
Theses Digitisation: 
https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 
This is a digitised version of the original print thesis. 
 
 
 
 
 
 
 
 
Copyright and moral rights for this work are retained by the author 
 
A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 
 
This work cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 
 
When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten: Theses 
https://theses.gla.ac.uk/ 
research-enlighten@glasgow.ac.uk 
FRACTURE OF METALS
ProQuest Number: 10656353
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10656353
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
THESIS
presen ted  to
THE UimERSITY OF GLASGOW
fo r the Degree of 
DOCTOR OF PHILOSOPHY 
by
ARCHIBALD VETTERS, B .Sc.,A .R .C .S.T,
June, 1961
A C K N O W L E D G E M E N T S
The author vlshea to  thank P rofessor E.C.Ellwood 
fo r  h is  advice and encouragement while th i s  work was being 
c a rr ie d  o u t, and Dr. J . MacLeod fo r the in te r e s t  he has 
shown. He a lso  wishes to  acknowledge the  generous 
co-operation  of Itr. J.W. Sharpe of the Department o f N atural 
Philosophy w ith  the e le c tro n  microscope s tu d ie s .
The work fo r  th i s  th e s is  was c a rr ie d  out in  the 
Department of M etallurgy and the author would lik e  to  esqjress 
h is  g ra titu d e  fo r the f a c i l i t i e s  provided by the members 
of th i s  Department.
C O N T E N T S
CliàPTili 1
In tro d u c tio n
Scope of Work 4
Section  A A l  D e fin itio n  o f In te rn a l i^ ric tio n  5
A Z Measurement o f In te rn a l F r ic t io n  6
A 3 Sources o f In te rn a l  i^ ric tio m
( l )  The Thcrraoelnstic E ffec t 10
(Z) Grain Boundary V isco s ity  11
(S) S tre s s  Induced Ordering 12
(4 ) D islo ca tio n  In te rn a l i r i c t i o n  15
( 5) Ifegnetoe lastic  In te rn a l F r ic tio n  20
(6) E lec tro n  Danq)ing 21
S ection  B P o in t D efects of Low Tenperature P ro p e rtie s
o f M etals
B 1 Production of P o in t D efects 23
B 2 Thermal Annealing o f P o in t D efects 26
S ection  C. The E ffec t of In te rn a l  O xidation on the
P ro p e rtie s  of a M etal 33
Section  S. The E ffec t on the P ro p e rtie s  of Iron  of
I n t e r s t i t i a l  Elements 38
CilAPTxü 2 Apparatus
D escrip tion  of Apparatus 41
C ry s ta l Arrangement 45
C a lib ra tio n  o f Apparatus 46
C a lib ra tio n  of C ry s ta ls  47
C alcu la tio n  of S tra in  in  ^ecim ens 48
E ffe c t of Support P o s itio n  53
Conclusions 55
Annealing Process 57
CIIAi'^ rEK 3 The iZ ffect o f form at ion  on Oxygen
Free High C onductiv ity  Copper
(1) T ensile E longation 60
(2) Quenching 69
(3) D iscussion 72
CHAPTiiR 4 The Recovery of In te rn a l  F r ic t io n  in
Aluminium a f te r  Deformation 78
R esu lts
(1) 99* 99^ Aluminium 79
(2) 99» 999^ Aluminium 81
(3) Quenching and E longation 83
D iscussion 83
Conclusions 86
GiiAi Till 5 The E ffec t of Deformation on Nickel
(1) Recovery a f te r  E longation
(2 ) Recovery a f te r  Fatigue
( 3 ) Recover y a f te r  w enching 
D iscussion
87
88
90
91 
93
S e lf  D iffusion  in  S ilv e r
(a) Quenched from 810*0
(b) Quenched i^om 910*0 
D iscussion
94
95
95
96
OiiAI^ TEH 7
CiFiPTER 8
A nalysis o f D il'lusion  R esu lts  98
The E ffe c t of In te rn a l O xidation on Copper 
A lloys
E]q)erimental Methods and R esu lts  104
C onclus ions 112
CHApTill 9 Movements in  Iron
(a) P o in t D efect Movement
(b) N itrogen Movement
( 1 ) Rate of Decrease of A nelastic  Peak
(2 ) S h if t  of Peak
( 3 ) D isloca tion  In te rn a l  F r ic t io n
113
115
117
119
120
GliiiPTiiR 10 Torsion Pendulum R esu lts
GE'iüidkL üü:JCLUSIüNS
124
128
GliAFi’Ell 1
In tro d u c tio n
Scope o f Work 
Section A A 1 D efin itio n  of In te rn a l F r ic t io n
A 2 Measurement of In te rn a l F r ic t io n  
A 3 ùkjurces of In te rn a l F r ic t io n
(1) The Thorm oelastic E ffec t
(2) Chrain Boundary V iscosity
(3) S tre ss  Induced Ordering
(4 ) D islocation  In te rn a l F r ic tio n
( 5) l^ g n e to e la s tic  In te rn a l  i r i c t l o n
(6) E lec tron  Damping
Section  B P o in t i^efects o f Low Tenqjerature P ro p e rtie s  
' o f M etals
B 1 Proiîuction of P o in t Defects
)3 2 Thermal Annealing o f P o in t D efects
Section  C The E ffec t o f In te rn a l  O xidation on the 
P ro p e rtie s  of a  M etal
Section  D The E ffec t on the P ro p e rtie s  o f Iron  on 
In te r  s t i t i a l  Elements
- 4-
IimiQDUGTIOrl
Scope o f Workt- This th e s is  was based on the in v e s t­
ig a tio n  of the i n i t i a l  s tag es of deform ation mainly by an in te rn a l
f r i c t i o n  technique* For th i s  reason  i t  i s  u se fu l to  consider a t  
th is  stage the natu re  and scope of in te rn a l  f r i c t i o n  and i t s  
measurement* As the deform ation of face c e n tre d m e ta ls  gives 
r i s e  to  the  d if fu s io n  of p o in t d e fe c ts ,  i t  i s  a lso  of in te r e s t  to  
study  the e f fe c ts  of p o in t d e fec ts  on the p ro p e r tie s  of a m etal
In  the departm ent in  the  p a s t ,  some in te r e s t  bad been
shown in  in te rn a l  o x id a tio n  as a means of a l te r in g  th e  im purity
co n cen tra tio n  in  a so lid  so lu tio n  a llo y  and producing c o n tro lle d  
p re c ip ita te s*  I t  was th e re fo re  decided to  pursue th i s  f i e ld  
a l i t t l e  fu r th e r  and a b r ie f  d e sc r ip tio n  of the p ro p e r tie s  of 
in te rn a lly  ox id ised  a llo y s  i s  included.
As i t  would be very d es irab le  to  extend the f i e ld  of 
in v e s tig a tio n  to  body centredAmetals and as o ther e f f e c ts  due to  
im p u ritie s  in tru d e , i t  i s  convenient to  examine the e f f e c ts  of 
i n t e r s t i t i a l  atoms.
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SECTIQN A
INTERNAL FRICTION
1.1. In te rn a l f t i c t i o n  may be defined as  th a t  p ro p erty  o f a
s o lid  which converts i t s  m echanical v ib ra tio n a l energy in to  h ea t.
S everal sources of in te rn a l  f r i c t i o n  a re  known and some of them
1Wiich a re  w ell understood were described  by Zener • At p resen t 
se v e ra l d if f e re n t  methods of d e fin in g  in te rn a l  f r i c t io n  a re  in  use 
and the main ones a re  l i s t e d  below.
(1) The logarithm ic  Decrement
The f ra c t io n a l  decrease in  v ib ra t io n a l  am plitude per cycle 
i s  c a lle d  the logarithm ic decrement Ù • This i s  r e la te d  to  the 
engineering  term of danqjing per cen t as
a  200 A
I f  & W i s  the f r a c t io n a l  energy d is s ip a te d  per cycle 
then
-1(2 ) Resonance Width Factor Q
One o f the most u se fu l re se a rch  methods of measuring 
in te rn a l  f r i c t io n  i s  to  observe th e  width of the  resonan t peak of 
a  specimen in  f re e  v ib ra tio n
1  = Va -  ViQ Vr
Where Vr = resonan t frequency and Vi and V« the frequencies a t
-6-
which the  am plitude has f a l le n  to  1 /J z  o f the anqjlitude a t  VT. 
Often the more convenient method i s  to  measure the  frequencies 
V3 and Y& a t  which the anp litude  has f a l le n  to  one h a lf  th a t  a t  
Vr, and then
Q JST Vr
( 3) U ltrason ic  A tto n m tlo n
The a tte n u a tio n  of an u ltra s o n ic  wave passing  through a
s o lid  can be measured and i s  a  measure of the  in te rn a l  f r i c t io n
o f th a t  s o lid . I f  A i s  the a tte n u a tio n  and V the  v e lo c ity  of
the wave in  the s o l id ,  F being i t s  frequency then
A = AV
F
The f u l l  r e la tio n s h ip s  may be l i s t e d  as#
- j è -  = C
A. 2. Methods of Measurement
The method used in  the  measurement of in te rn a l  f r i c t io n  
depends la rg e ly  on the frequency a t  which one wishes to  make the 
measurement. •
(1 ) 1 - 1 0  eye l e s / second
In  th i s  range a to rs io n  pendulum i s  norm ally used of the 
atype described ^ ^ K e  . In t h i s  appara tus the specimen i s  in  
th e  form of a suspended wire w ith  a cro ss beam in e r t i a  member
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a ttac h ed  to  i t s  bottom end. The v ib ra tio n s  are  i n i t i a l l y  induced 
by a magnetic method. Recording i s  norm ally achieved by an o p tic a l  
method e i th e r  pho tograph ically  or p h o to -e le c tr ic a l ly .  The maximum 
s t r a in  am plitude induced in  the appara tus i s  u su a lly  of the order 
o f  10 and as the specimen i s  in  to rs io n  the  s t r e s s  v a r ie s  fTom 
zero a t  the  cen tre  of the wire to  a maximum a t  the su rface . A 
s t a t i c  te n s i le  s t r e s s  i s  produced on th e  specimen due to  the  weight 
o f the cross beam. While th i s  i s  not norm ally considered very 
irq )o rtan t i t  i s  p o ss ib le  to  in v e r t  the apparatus and suspend the
3beam from an in e r t i a  f re e  support^ Norton .
The to rs io n  pendulum tends to  have a r a th e r  high apparatus 
damping o ften  of the order o f 10 and thus may be u n su itab le  fo r 
measurements of low in te rn a l  f r i c t io n  m a te r ia ls . I t  i s  q u ite  
p o ss ib le  to  arrange the apparatus to  work under vacuum and th is  
reduces i t s  apparatus damping. The s t r a in  acq)litude used cannot 
e a s i ly  be vEuried over a u se fu l range and th i s  tends to  l im it  the 
u se fu ln ess  of the appara tu s. The frequency o f measurement i s  
however e a s ily  changed by a l te r in g  th e  in e r t i a  o f the cross beam 
and th e  apparatus f in d s  i t s  main a p p lic a tio n  where frequency dependent 
r a th e r  than am plitude dependent phenomena are s tu d ied .
-6-
, . a *(2 ) 10 -  10 cycle s/secondi
This i s  probably the most used frequency range and
normally the  specimen i s  in  the  form of a rod or bar which i s
induced to  v ib ra te  in  one of i t s  normal modes o f v ib ra tio n  w ithout
the  use of an in e r t i a  member $ The specimen may be d riven  in
a ise v e ra l d if f e re n t  ways. Quimby in troduced  the p ie z o e le c tr ic  method 
which used quartz  c ry s ta l, cemented to  the  ^ecim en# The c ry s ta l
i s  u su a lly  matched to  the frequency of the specimen. A second
c ry s ta l  i s  o ften  f i t t e d  to  the o ther end of the specimen to  a c t
2 aas a  gauge. An e le c t r o s ta t ic  method has been used to  ex c ite
euid d e te c t the v ib ra tio n s  in  the specimen by using  i t s  end as
one p la te  of a c a p ac ito r . V ib ra tio n  can a lso  be induced by
aseddy cu rren t methods or by p lac in g  a sm all magnet, a t  the end 
of the  specimen. A n ic k e l transducer may a ls o  be used , one 
end o f a n ic k e l wire being a ttach ed  to  the specimen.
F o rs te r  in tro i uced a method in  which a bar specimen 
was supported h o riz o n ta lly  by th read s or w ires a t  p o in ts  a  l i t t l e  
removed from the nodes. The specimen i s  exc ited  in  tran sv e rse  
v ib ra tio n  by electrom agnetic or p ie z o e le c tr ic  dev ices a t  the  top  
o f one of the siÇ)port th read s . The o ther th read  i s  connected to  
a s im ila r  device idiich serves to  d e te c t the  v ib ra tio n  o f the
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spocimen. By su ita b le  choice of d riv in g  devices a very wide 
range of s t r a in  anq)litudeB can e a s i ly  be obtained ( fo r  example 
10 to  10 from a p ie z o e le c tr ic  d r iv e r ) .  I t  i s  inç>artant 
to  note th a t  damping can a r is e  from the f a c t  th a t  the support 
th reads are  not p laced  a t  the nodes but these  lo sse s  can e a s ily  
be ca lcu la ted  and are  normally of l i t t l e  inq)Oirta n c e .
I f  i t  i s  in tended to  study anq)litude dependent phenomeniti 
i t  i s  most im portant to  consider the s t r e s s  systems in  the various 
modes of v ib ra tio n . With lo n g itu d in a l v ib ra tio n s  the  specimen i s  
s tre s s e d  evenly across i t s  diam eter but not along i t s  len g th . In  
tran sv e rse  v ib ra tio n  the s t r e s s  system i s  ra th e r  involved and v a r ie s  
along the lengtn  as w ell as ac ro ss  the diam eter o f the specimen. A
p o in t to  note however i s  th a t  the  s t r a in  in  tra n sv e rse  v ib ra tio n  can
be measured by a m icroscopic technique while th i s  may not be p o ss ib le  
fo r lo n g itu d in a l v ib ra tio n s . A disadvantage of the above methods i s  
th a t  the  frequency used i s  g en era lly  r e s t r i c te d  to  the  fundamental
resonan t frequency and to  one or two harmonics.
/  \  ® ®(3) 10 -  10 cycles/second#
In th i s  range u ltra s o n ic  pu lse methods a re  used. A p u lse  
i s  in troduced a t  the end of the specimen by a c r y s ta l  and the in te rn a l
f r i c t i o n  measured by observing i t s  a tte n u a tio n  as  i t  passes through
-1 0 -
th e  m a te ria l, S tre sse s  achieved are  very loif and no u se fu l
anq)litude dependent measurements can be made but the frequency i s
re a d i ly  changed. D if f ic u l t ie s  a r is e  in  in te rp r e ta t io n  because
of the curvature of the wave f ro n t  and th i s  has to  be accounted fo r .  
l a(4 ) 10 cycle/second
I t  i s  po ssib le  th a t  measurements could be made by means 
o f therm al conductiv ity  or d if fu se  X-ray measurements a t  th is  
frequency but th i s  does not appear to  have been done y e t .
Â.3. Sources of In te rn a l F r ic tio n
In a me t i l  in te rn a l  f r i c t i o n  can a r is e  from a number of 
la rg e ly  independent sources. The common ones fire l i s t e d  below#
(1 ) The therm oelastic  e f f e c t
(2 ) Grain boundary v is c o s ity
(3 ) S tre ss  induced o rdering
(4 ) In te rn a l f r ic t io n  due to  d is lo c a tio n s
( 5) M agnetoelastic e f f e c ts
(6) E lec tron ic  dariqiing
(1 ) The Thürm oelastic E ffec t
When a m etal i s  s tre s se d  i t s  tem perature changes and i f  
i t  i s  s tre s se d  unevenly th e re  w il l  tend to  be a flow of hea t. Under 
a  v ib ra tio n a l s t r e s s  th e re  tends to  be a  flow  of hea t back and fo r th
-1 1 -
ac ro ss  the specimen. At very high frequencies o f v ib ra tio n  th e re
i s  in s u f f ic ie n t  time fo r apprec iab le  h e t t  to  flow and the process i s
a d ia b a tic  and does not give r i s e  to  in te rn a l  f r i c t io n .  At very
low frequencies on the  o ther hand complete therm al equ ilib rium  is
e s ta b lish e d  and the p rocess i s  iso therm al and does not cause any
in te rn a l  f r i c t io n .  At one in te rm ed ia te  frequency however the
p erio d  of the ap p lied  s t r e s s  i s  cofiq>ara'ole w ith the  time req u ired
1fa r  heat flow. Zener c a lcu la te d  the e f f e c t  to  give a  re la x a tio n  
tim e 8
^  _ d  where d = th ick n ess  of specimen
* and DC = therm al co n d u c tiv ity
(specT hea t) (d en s ity )
Therraoelast ic  L ite rn a l f r i c t io n  can a r is e  from both specimen
dimensions and in  a po lycrystalline m a te r ia l from re la x a tio n  across
th e  g ra in s .
The in te rn a l  f r i c t io n  fTora t h i s  source can be q u ite  high and 
i t  i s  im portant th a t  i t  should be considered . Very o ften  i t  i s  
d e s ira b le  to  a d ju s t the  g ra in  s iz e  of the m a te r ia l to  avoid in te rn a l  
f r i c t i o n  from th is  source.
(2 ) Grain boundary v is c o s ity
At r e la t iv e ly  high tem peratures in  a poly crysta lline  m a te ria l 
a  v isc o u s-lik e  d is s ip a tio n  o f energy can occur a t  the  g ra in  boundaries. 
Ke showed th a t  the in te rn a l  f r i c t io n  could be expressed as a  fu n c tio n
g ra in  s iz e  x frequency x e 
vdiore E was about 1*5 ev.
-1 2 -
Grain boundary re la x a tio n  pealcs have been found in  a  la rg e
85number of m etals • The exact shape of the re la x a tio n  peak depends 
on the g ra in  s iz e  d is t r ib u t io n .
(3 ) S tre ss  Induced Ordering.
A m etal may con ta in  i n t e r s t i t i a l  ioq>urity atoms in  
ordered or random p o s it io n s  when i t  i s  u n s tra in ed . I f  when i t  
i s  s tra in e d  the i n t e r s t i t i a l  atoms become e i th e r  d iso rdered  or 
o rdered, then an in te rn a l  f r i c t io n  peak may be found. Zener 
showed th a t  the re la x a tio n  time 'V  fo r the in te rn a l  f r i c t i o n  peak 
was r e la te d  to  the  frequency ^  by the r e la tio n s h ip
i  = 4L r '  where ^  i s  a constan t
TThe in te rn a l  frequency peak i s  found when
CO 'y  =s 1 idiere UJ i s  the angular frequency o f v ib ra tio n  (Zff^)
The d iffu s io n  c o e f f ic ie n t  D fo r the movement of the i n t e r s t i t i a l
atoms in  the p u re s t m etal i s  given by 
2Û = ^  a r* a  i s  the l a t t i c e  param eter
^  i s  a co n stan t
Thus i t  i s  p o ss ib le  by determ ining the te  nperature and frequency 
o f  the  in te rn a l  f r i c t io n  peak to  c a lc u la te  the d if fu s io n  c o e f f ic ie n t
D = Do e where £ i s  the a c t iv a t io n  energy
The ease w ith which d if fu s io n  d a ta  can bo obtained a t  low tem perature
i s  the g rea t advantage in  using  th is  type o f in te rn a l  f r i c t io n .
The most ex tensive study of s t r e s s  induced o rdering  has
•1 3 -
been c a rr ie d  out in  the B.C.C. m etals and the u if fu s io n  o f carbon
and n itro g en  in  ^  iro n  has been w idely in v e s tig a te d . Snoek
showed th a t  the i n t e r s t i t i a l  atoms took up p o s itio n s  a t  the c e l l
edges and a t  the face c e n tre s . Under zero s t r e s s  a random
d is t r ib u t io n  of i n t e r s t i t i a l  atoms occurs but on the ap p lic a tio n
of a s t r e s s  they  go to  ordered p o s it io n s . The heigh t o f the
in te rn a l  f r i c t io n  peak i s  p ro p o rtio n a l to  the q u an tity  of
26i n t e r s t i t i a l  in  so lu tio n  • The heigh t of the peak i s  a lso  
dependent upon the c ry s ta llo g rap h ic  ax is  along which the s t r e s s  
i s  ap p lied . IT, a s  i s  the case w ith  carbon and n itro g en  in  
iro n , the m etal can be made su p e rsa tu ra te d  w ith  an i n t e r s t i t i a l ,  
an agoing process can be follow ed. I f  the in te rn a l  f r i c t io n
i s  measured in  a to rs io n  pendulum a t  about 1 c /s  then  the in te rn a l  
f r i c t io n  peaks due to  carbon and n itro g en  occur a t  20 -  30*C. 
L i t t l e  or no p re c ip i ta t io n  tak es p lace  a t  th ese  tem peratures 
and in te rn a l  f r i c t io n  measurements may be made a f te r  successive 
tem perings. I f  on the o ther hand the in tern?!, f r i c t io n  i s  
meaaured a t  1000 -  3000 c /s  then  the peak tenqieratures a re  
about 100 -  150*C and a t  these  tem peratures i t  i s  p o ss ib le  th a t  
the ageing p rill proceed too  quickly  to  be follow ed.
The equation  r e la t in g  peak tem perature and frequency i s  
-■%TIT = 'To e TEo being a constan t
-14—
5Wert and Zener gave the co n stan ts  fo r th i s  equation  fo r carbon
and n itro g en  in  iro n
"K  ' ( ^ / 13 -1 C. NÙ ^10 cm ) 23 3*7
a ca ls/m ol 19,800 17,700
From the above equation  i t  i s  p o s s ib le , i f  the values o f >
(or peak frequency) a re  known a t  d if fe re n t  tem pera tu res , to
c a lc u la te  E. However i t  i s  no t always convenient to  change
the frequency and th e re  i s  an a l te rn a tiv e  mothoti of c a lc u la tio n
using the  d o c K B the peak h e ig h t w ith time* C o t tr e l l  
6and Beilby showed th a t
“V= 3 ( ^  :jo l (a  u tj  ’
KT
where number of so lu te  atoms per u n it  volume which have
m igrated to  the d is lo c a tio n s  a f te r  tim e t  
^ 0  3 o r ig in a l  co n cen tra tio n  of so lu te  atoms 
D 3 d if fu s io n  c o e f f ic ie n t
L 3 len g th  of edge d is lo c a tio n  per u n i t  volume.
Harper m odified th i s  expression  to  account fo r the  mutual 
in te ra c tio n  o f the so lu te  atoms and gave
In  (1 -  %) = 3 ( ^  P  L ( ^ )
where ^  is  the f ra c t io n  of so lu te  p re c ip i ta te d  a f te r  time t .
This equation was shown to  hold fvir la rg e  amounts of p re c ip i ta t io n . 
One im portant fea tu re  o f th i s  equation i s  th a t  i t  allow s a 
c a lc u la tio n  of the d is lo c a tio n  d en s ity . The c a lc u la tio n s  which
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have been done are  in  f a i r  agreement w ith o ther work.
(4 ) In te rn a l f r ic t io n  due to  d is lo c a tio n s .
In a pui.0 n o ta i the in to rn a l  f r i c t io n  due to  d is lo c a tio n s  
is  zirqilitude dependant above a c e r ta in  s t r e s s .  Below th is  
s t r e s s  i t  i s  ajip litude independent and i t  i s  u sua l to  separate  
the d is lo c a tio n  in terno .l f r i c t io n  in to  two p a r ts  as
^  ^
where A x i s  the am plitude independent in te rn a l  f r i c t io n  and
i s  the am plitude dependent in te rn a l  f r i c t io n .
Theories of d is lo ca tio n  in te rn a l  f r i c t io n #
I t  i s  genera lly  agreed th a t  the in te rn a l  f r ic t io n
a r is e s  from the movement o f  d is lo c a tio n s  and the  problem
reso lv es to  find ing  a mechanism to  exp lain  the irapeitence of
7the d is lo c a tio n  l in e s .  îfeson used a Peierl*  s v a lle y  mechanism
and Seeger mouified th is  but has not worked out com pletely
h is  theory. In te ra c tio n  w ith  o ther d is lo c a tio n s  i s  a  p o ss ib le
6e:q)lanation and was d iscussed  by Weertman and Koehler . Im purity 
atoms have been used in  two ex; la n a tio n s . Weertman and g a ik o v itz  
used the Mott-Nabarro theory o f d islocaticx i movement in  a so lid  
so lu tio n . Foreign atoms cause a s t r e s s  f i e ld  of wavelength ^  
where a i s  the atomic spacing and c the co n cen tra tio n  of 
inç>urity atoms. When the s t r e s s  peak was overcame the d is lo c a tio n  
moved forwaid a d is tan ceX  * However t h i s  theory  does not 
appear to  agree w ith the experim ental r e s u l t s .
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Koehler proposed th a t  the d is lo c a tio n s  v ib ra te  in
loops between the p inning  p o in ts  of the irrpu rity  atoms ra th e r
as a  s tre tc h e d  s tr in g  would do. I t  i s  p o ssib le  to  ex p la in  am plitude
dependent damping as the te a r in g  away from the p inn ing  p o in ts  in
10th i s  thoery . Granato and Luke e:q>anded th is  th eo ry , and gave 
a s  a model a d is lo c a tio n  pinned a t  i t s  ends by the network 
d is lo c a tio n s  and a t  various p o in ts  along i t s  len g th  by im purity  
atoms•
Low Stress Field
l :Lc
T
( a ) ( b )
High Stress Field
(c) (d)
Increasing Stress ------
The number o f im purity  pinning p o in ts  i s  governed by
Q 3 C o t t r e l l  in te r a c t io n  energy 
C(}3 co n cen tra tio n  o f im purity  atoms
They showed th a t
A f 3 VL Im / i  CO xC I where . /Z is  a concentrât* 
don fa c to r
t i  = 120
This describ es the am plitude independent lo ss  due to  the  d is ­
lo c a tio n s  and assumes th a t  the d is lo c a tio n  l in e  does no t tearaway 
from the p inning p o in ts . Under a s u f f ic ie n t ly  h igh s t r e s s  the  te a r
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away tak es  place as in  the  above diagram and lead s to  an
am plitude dej^endent lo s s . The d e s c r ip tio n  o f  th i s  lo s s  was
10given by Granato and Luke .
a
The argument was of the farm th a t  the  c r i t i c a l  s tr e s s  fo r  
te a r in g  away depended upon the loop le n g th
Ç  ^ -s € c  -  c r i t i c a l  s t r e s s
A fter breaking away i'rom the p inn ing  p o in t th e  d is lo c a tio n
re tu rn ed  by a d if fe re n t  pa th  and th e  energy lo s s  was given by
the shaded area  in  the diagram ^
3   ^ " ,
A w -  n  /( ^L c ^  i i ,
I t  i s  convenient to  note th a t  ftrom the above r e la t io n s h ip  S
oc ^  ^Ct. t c  j -L 6-
Experim ental evidence has shown th a t  the above theory  i s  sound 
w ith reg ard  to  most of the param eters. I t  i s  much e a s ie r  to  
examine the araplitude dependent p a r t  as i t  may e a s i ly  be
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sep ara ted  from the o ther types of in te rn a l  f r i c t io n  in  ex p eri­
m ental r e s u l t s .
A p lo t  of i s  the measuring s t r e s s )  shouldIP
be a s t r a ig h t  l in e  and very o ften  th is  i s  in  f a c t  the  case .
However, as  mentioned above, many types of apparatus do not 
s t r a in  the specimen evenly and am plitude dependant r e s u l t s  a re  
d i f f i c u l t  to  a s se ss .
The e f f e c t  o f in p u r ity  concen tra tion  has been measured
9by Wiertman and H alkovitz fo r lead  con ta in ing  bism uth, and by 
11Beskers fo r copper con tain ing  gold. The e f f e c t  of im p u ritie s
18in  ^  Iron  was measured by Robertson and Rawlings . The
18in flu en ce  of d is lo c a tio n  d en s ity  was measured in  copper by Read 
and the r e s u l t s  are  taken to  be in  agreement w ith the th eo ry .
The am plitude independant in te rn a l  f r i c t io n  i s  ra th e r  
d i f f i c u l t  to  a s se s s . This i s  due to  the  f a c t  th a t  o ther types of 
in te rn a l  f r i c t io n  in  the m a te r ia l a re  a lso  independant of 
eunplitude and may be d i f f i c u l t  to  es tim a te . The main confirm ation  
o f the  Granato and Luke theory  fo r  A I  comes fDom the i r r a d ia t io n
14r e s u l t s  of Thomson and Holmes, i/ho showed th a t  the decrement 
was p ro p o rtio n a l to  L  .
One of the more u se fu l d e r iv a tio n s  of the Granato and 
Luke theory concerns the time dependant e f fe c ts  when the number
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o f p o in t defec ts  becaiee out of equ ilib rium  w ith the d is lo c a tio n
l in e .  This s i tu a t io n  a r is e s  a f te r  alm ost any cold  working
process or a f te r  quenching.from near th e  m elting p o in t. The
16a m ly s is  o f th is  process was again  done by Granato and Luke
who showed th a t  the average loop le n g th L  i s  given by
i t r  A = co n cen tra tio n  ol d e fec ts
"Z TZ. c, —  .  o f th e  1 th  type-c - / ^  = no d e fec ts  types
Now i f  Cio i s  the number of vacancies and ggo the number of
in p u r ity  atoms which are  assumed not to  be mobile a t  the tem perature
used.
In  a F.C.C. m etal
à r  a  A  1 A ^
C /^  t' ^
A  -Z . «  «• f  B J l  Ÿ '  ^( . larC-ie L f
A  , % ?JL L' t? <n r r r  v  Z.-M. ]
n-*-c c  t f f  ^  ^
A  t  5. K 4,
.  IZ à  ^
tT^A 3
J Z  i s  an o r ie n ta tio n  fac to r  JL d is lo c a tio n  d en s ity
network loop len g th  U average loop len g th
K a param eter Go tte re ll*  s m is f i t  param eter
Ci, l a t t i c e  param eter th e  s t r a ih  a ip li tu d e
CO angular frequency a param eter 0 D iffusion  c o e f f ic ie n t
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I t  i s  p o ssib le  from the above equations to  c a lc u la te  th e  a c t iv a t io n  
energy fo r the movement o f a p o in t d e fe c t i f  th e  time and tem perature 
v a r ia tio n s  of the  value can be measured. The above equations 
were ex ten siv e ly  checked ty  the  au tho rs a g a in s t independently
S7obtained data  w ith very s a t is f a c to ry  r e s u l t s .  However i t  
was s ta te d  by Granato and Luke th a t  the theory  should only be 
ap p licab le  to  high frequencies bu t th e re  i s  now l i t t l e  doubt th a t  
i t  may be app lied  to  qu ite  low freq u en c ies .
In conclusion i t  may be sa id  th a t  the  above th e o rie s  
a re  by fa r  the most s a t is fa c to ry  in te rp r e ta t io n  of d is lo c a tio n  
danping in  m etals. However i t  should be recognised  th a t  they 
a re  not com pletely in  agreement w ith  a l l  the experim ental f a c ts  
and p o ssib ly  some s l ig h t  m od ifica tion  i s  req u ired .
( 5 ) M agnetoelastic In te rn a l F r ic tio n
I t  i s  w ell known th a t  when a  m a te ria l i s  magnetised 
i t s  leng th  changes. Conversely,when i t  i s  s tre s s e d  i t s  magnetic 
p ro p e r tie s  change. There are  th ree  types of m agnetoslastic  
in te rn a l  ftiction%
(1 ) Macro-eddy cu rren ts# - This i s  very s im ila r  to  
therm oelastic  in te rn a l  f r i c t io n  because a f te r  s tre s s in g  a 
d if fu s io n  of eddy cu rren ts  takes p lace from the surface of the 
specimen. The process has a peak of the normal type but 
does not have a tru e  re la x a tio n  tim e.
(2 ) Micro-eddy cu rren ts» - This a r is e s  from lo c a l
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d iffe ren ce s  in  domain magnetism and i s  in  o ther re sp e c ts  s im ila r
to  macro-eddy cu rren t damping.
(3) I4agnetoelastic s t a t i c  h y s te re s is* -  At low
frequencies eddy cu rren t lo sse s  d isappear as the  r a te  of change
of m agnetisation i s  very sm all but a h y s te re s is  lo s s  can be
s e t  up. This lo ss  i s  frequency independent but am plitude
16dependent. doulanger d iscussed  th i s  type of damping in  d e ta i l .
(6) E lec tron ic  Damning# At tem peratures below 20*K the  in te rn a l  
f r i c t io n  of a m etal inc reases ra p id ly  w ith f a i l in g  tem perature 
when the m etal i s  in  the normal co n d itio n . I f ,  on th e  o ther hand, 
the m etal becomes superconducting, the in te rn a l  f t i c t i o n  f a l l s
17ra p id ly . Ifason gave as the exp lanation  th a t  the e le c tro n  
gas obtained some energy Arom the l a t t i c e  v ib ra tio n s  in  a v iscous 
manner. Morse gave the exp lanation  as a d is to r t io n  o f the F ern i 
su rface by a sound wave.
In conclusion i t  can be sa id  th a t  in te rn a l  f r i c t io n  
measurements have sev era l advantages in  fundamental re se a rch  on 
m eta ls. <[*b ’±s more d ir e c t ly  connected w ith  the  basic  atomic 
process than o ther forms of exam ination. As described  above 
many of the species of in te rn a l  A ric tio n  have been more or le s s  
convincingly e jg la in ed  and may be used as a  to o l in  ob ta in ing  
inform ation on the basic p h y s ic a l p ro p e r tie s  of m eta ls . The 
s tu iy  of ageing and p re c ip i ta t io n  i s  by fa r  the most rew arding
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f i e ld  fo r in te rn a l  A ric tio n  re se a rch  as no o ther p ro p e r tie s  a re  
GO conp le te ly  determ ined by the  q u an tity  o f p r e c ip i ta t io n .
19E xce llen t reviews of the su b jec t were given by Mowick and
80M iblett and Wilks •
In the f i e ld  of te s t in g  mechanical components in te rn a l  
f r i c t io n  measurements have been ra th e r  d isap p o in tin g . Cracks 
and in c lu sions are  very o ften  only d e tec ted  i f  they l i e  in  c e r ta in  
p o s itio n s  in  the specimen. I t  had a t  one time been hoped to  
determine the ex ten t of fa tig u e  damage by in te rn a l  A ric tlo n  
measurements but i t  ifas found th a t  i t  d id  not change t i l l  
immediately before f a i lu r e .
—23—SECTION B
P oin t Defects and the Low Température P ro p e rtie s  o f M etals
B .l I t  is  now genera lly  agreed th a t  many low tem perature
e f fe c ts  may be a t t r ib u te d  to  p o in t d e fe c ts . The most notable 
o f these  a re  changes in  r e s i s t i v i t y ,  y ie ld  p o in t, the Koster 
e f f e c t ,  i . e .  decrease w ith time of in te rn a l  f r i c t io n  and the 
ageing of e e r ta in  m a te r ia ls .
There are se v e ra l methods of in troducing  p o in t d e fec ts  
in to  a m etal and i t  i s  convenient to  d iscuss them se p a ra te ly .
(1) P o in t dafects. I n t r  o; aic^d ter, nusnchlnr.» The 
equilib rium  concentration  of any type o f p o in t d e fe c t a t  any 
tem perature T i s  given by
C = exp -  T -  Zener
KT
where <1 Hp s  Heat of form ation o f 
d e fe c t
^  = Change in  entropy
I t  i s  usual to  assume th a t  S/* i s  o f the  order of u n ity  and
30
and by using  the values of d H  (ob ta ined  by ca lom etric  experim ents
au su a lly ) to  ca lcu la te  the d e fec t co n cen tra tio n . Broom and Ham 
gave the follow ing ta b le  fo r copper*
d H  (ev) 3Ü0MK 800 '^ 1300“K
Vacancy - ~ 1 10^ 1<? * 10*'*
Vacancy p a ir ^ 1 * 6 1 0 -’ ic f* 1Ô*'*
I n t e r s t i t i a l " ^ 4 1 0 -’ i o “^ lo "^*
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I f  the n o ta i i s  annealed a t  high tem perature and then  ra p id ly  
quenched,most of the d efec ts  may be re ta in e d  a t  room terTçjorature.
As the m etal now con tains a co n cen tra tio n  of d e fec ts  f a r  in
excess of the equilib rium  co n cen tra tio n , m igration  e f f e c ts  a re  
to  be 03q)ected. I'feiturally the number of d e fec ts  re ta in e d  a t  
loif tem perature w il l  depend upon the s e v e r ity  o f the  quench.
This depends both upon the quenching medium and the s iz e  and 
shape of the specimen. Both gas and liq u id  quenches a re  used 
and the specimen i s  o ften  in  th e  form of a th in  v ire  or f o i l .
(2 ) I r r a d ia t io n  by atomic p a r t i c le s * The mechanism
of vacancy in tro d u c tio n  in  a  m etal by neutron bombardment is  
thought to  be th a t ,  when an atom i s  s tru ck  i t  o b ta in s  a very 
la rg e  q u a n tity  of energy. This atom i s  d isp laced  v io le n tly  
from i t s  l a t t i c e  p o s it io n  and d isp lace s  ^u rth er atoms. The 
r e s u l t  of each such neutron c o l l is io n  i s  th a t  100 -  200 vacancy 
and i n t e r s t i t i a l  p a irs  a re  formed in  the a rea  around th e  p o s it io n  
of the neutron h i t .  The vacancies and i n t e r s t i t i a l s  w i l l  be 
formed in  approxim ately equal numbers.
I t  has been known fo r some time th a t  i r r a d ia t io n  w il l  
considerab ly  a l t e r  the p ro p e r tie s  o f a m etal. For example, a  
y ie ld  p o in t i s  in troduced in to  a  F.C.C. m etal and the deform ation 
c h a ra c te r is t ic s  a re  a l te r e d . The d u c ti le  b r i t t l e  t r a n s i t io n  
tem perature in  s te e l  i s  r a is e d  by bombardment.
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(3) Farrar.tio:: o f P o in t Je fo c ta  by Cold Work*
Since the o rig in a l experiments of Molonor and A o rtf , more data 
in d ic a tin g  th a t  cold work can form p o in t defec ts  has become 
a v a ila b le . The mechanism o f th e  p o in t d e fec t form ation i s  
not c le a r  a t  p resen t. The e a r l ie r  theory  was th a t  two 
in te rs e c t in g  screw d is lo ca tio n s  were capable of producing
31vacancies. However, A riedel has po in ted  out th a t  th i s  i s  not 
l ik e ly .  An a lte rn a tiv e  system has bo en proposed making use of 
a  d is lo c a tio n  loop c o n f in in g  two Jog cooçponants.
I*) (b)
I , : .  n i l  a  D i s l i i c al i i i i i  K i n g  w i l l i  a
l l i i i g . r s  \  "  l " i  b . I f  I III" r i n g  ia cx | >And-  
I I I / ,  i l i a g i a i i i  (II), I I l f  j u g s  f a n  g l i d e  i n  t h e  
■ l i i f i  l i n n  s l u m  I I  v  i l l i i i i i t  m a k i n g  |> ni nt  
lb li f t s .  Mill i f  l l i f  r i n g  is f o n t r a f t i n g ,  a  
s l . i g f  is i c a f l i f i l ,  d i a g r a i i i  (/>). a t  w h i f h  a  
l i i i f  o f  p i i i t i l  I I f  I f f  I s  f a n  l ilt  til.
In the expanding condition no p o in t d e fec ts  are formed but during 
unloading vrfien the ring  g e ts  to  s tage  (b) i t  w il l  disappear 
leav in g  a l in e  of point d e fec ts  between the  two jogs.
31F riodel postu la ted  a  process using two Frank-Reid 
sources in  adjacent planes. These a re  thought to  coalesce 
a t  the  end of each cycle of o pera tion  to  form a lin o  of p o in t
-26»
d e fe c ts • He ca lcu la te d  th a t
C — 10 C ( C = concen tra tion  of d e fec ts  and
C = s tr a in )
This r e s u l t  i s  conparable w ith the values o f
-4rC = 10 if
32 33given by ü e itz  and Mott . On the o ther hand, Von Bur en
34and Jongenburger gave
36and B lew itt observed a parabo lic  in c rease  in  s in g le  c r y s ta ls .
(4 ) In tro d u c tio n  of Vacancies gy ■lon-StoichioriGtry*
In c e r ta in  in te rm e ta llic  compounds vacancies are  sometimes 
formed in  order th a t  the e le c tro i^ u n it  c e l l  r a t io  may be m aintained. 
Tlio p ro p e rtie s  o f those a llo y s  are not r e a l ly  understood a t  
p re se n t.
B.Z Thermal Annealing of P o in t befed ts
The vacancies and o ther p o in t d efec ts  nre norm ally 
formed in  the m etal in  a more or le s s  random manner. There i s  
reason  to  believe th a t  in  random d is tr ib u t io n  they do no t harden 
the  m a te ria l. I t  i s  as w ell to  note th a t  the e l e c t r i c a l  
r e s i s t i v i t y  i s  increased  by randomly d ispersed  d e fe c ts .
The d e fec ts  in  excess of the equilib rium  co n cen tra tio n  
w i l l ,  i f  the therm al conditions are  s a t is f a c to ry , d if fu s e  to  the 
sinks av a ilab le  to  them. These sinks can be e i th e r  f re e  surfaced 
g ra in  boundaries, or d is lo ca tio n s . H atu ra lly  in  a f a i r l y  coarse
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grained m ateria l the v a s t m ajority  of the d e fec ts  w i l l  reach  
the  d is lo ca tio n s  and i t  i s  these which cause most of th e  observed 
changes in  p ro p e rtie s  during annealing .
91I t  was suggested by F r ie d e l th a t  the vacancies were 
not an n ih ila ted  a t  the d is lo ca tio n s  but a re  r e ta in e d  th e re  in  
the  area  round the d is lo c a tio n  l in e .  However, t h i s  theory  
does not appear to  bo f u l ly  accep tab le  as some work on quenched 
w ires htis shown th a t  the len g th  decreases w ith  i t s  e l e c t r i c a l
36r e s i s t i v i t y  • I liis  in d ic a te s  th a t  th e re  was in  f a c t  a lo s s
37o f  vacancies in  the p rocess. Itoddin and C o t t r e l l  gave as
a  more probable in te rp re ta tio n  th a t  the d is lo c a tio n  l in e  was in
f a c t  broken up by jog form ation and th i s  lead s to  hardening.
The mechanism of the movement of the d e fec t i s  of
the utmost inp or tance in  the in te rp r e ta t io n  of the phenomenon.
I t  i s  generally  accepted th a t
% a  lip ♦ %
where ^  = energy oi form ation  of vacancy
%  3 energy of d if fu s io n  of vacancy.
I t  i s  normal to  measure the l i f e  of a d e fe c t in  term s o f the
number of jumps i t  can make in  i t s  l i f e .  The time th i s  w ill
take n a tu ra lly  depends upon the tem peratu re. I t  i s  g en e ra lly
9accepted tlm t the vacancy can make above 10 jumps in  i t s  
l i f e t im e , and th is  i s  equ ivalen t to  about an average t r a v e l  of 
10 cm. As pointed out above, moio than  one type o f d e fec t 
wijul be p resen t in  the m a te ria l a t  any one tim e. The main
type of d e fec t w il l  n a tu ra l ly  be the s in g le  vacancy but an
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98apprec iab le  number of d ivacancies w il l  a lso  e x is t .  Koehler
suggested tl ia t  th e  vacancy e x is te d  fo r  p a r t  of i t s  l i f e  as a
39divacancy but Kirnora and i4addin showed th a t  t i i is  was most 
u n lik e ly .
The various sp ec ie s  of p o in t d e fec ts  have d if fe re n t  
d ilfu s io n  c h a ra c te r i s t ic s  and ouo to  the d if fe re n t  values of 
of the d if fu s io n  a c t iv a t io n  e n e rg ie s , anneal out a t  d if fe re n t 
tecg)eratures. This lead s to  a recovery  spectrum fo r the
40annealing  of p o in t defec ts^  Koehler e t  a l  d iscussed  the 
various s ta g e s . There a re  gen era lly  s ix  stages in  the annealing 
of p o in t d e fec ts  in  noble m etals.
Stage I Stage III S tage IV^
1 00 ■ I  5
0 76
% 0 50
= 0 25
1
------------ \ \  Cold-worlted
^ \  A ------------Q uenctied
\ \  S tage V
Irradiate
E vaporated film (after Rasor)
Stage VI
Stage II
200 300 400 500
T em perature  (*K)
1 IK- 7. .Siiovviiig the various stages in the  annealing o u t of iiiipei feet ions 
|iioi|iii I il ill eoppei IIV various luetiuxls.
-29-
Stages ( l )  and (2) are  reported  only in  i r r a d ia te d  specimens.
Stage ( i j  ie  sa id  to  be due to  the motion of i n t e r s t i t i a l  atoms 
and stage (2) to  the movement of i n t e r s t i t i a l  4 ^
Stage (3) i s  thought to  be due to  the d iffu s io n  of divacancies 
and stage (4) i s  due alm ost c e r ta in ly  to  the d iffu s io n  of s in g le  
vacancies. Stage (s) i s  a t  p resen t r a th e r  vague, but stage (6) 
i s  probably due to  re c ry s ta lE sa tio n .
The a c tiv a tio n  energ ies for the various s tag es  are 
known approximately and i t  i s  of some in te r e s t  to  note these
41fo r  the noble m etals. Huntingdon gave the fo r  the copper 
i n t e r s t i t i a l  atom as 0  0 7 * ^  0*27 e v . The fo r a  s in g le  
vacancy in  copper i s ,  according to  most o f the rep o rted  r e s u l t s ,
about 1*0 e v. B a r t le t t  and wienes ca lc u la te d  th a t  the energy
'/ i-to  move a divacancy ivould be 3 to  2 4f th a t  fo r a s in g le  vacancy.
When vacancies are  quenched in to  a m etal th e re  i s  
ajiother mechanism jy which they can leave the  l a t t i c e  and th is  
i s  to  form a vacancy r in g  which may co llap se  in to  a s e s s i le  
d is lo c a tio n . The periphery  of the r in g  can thon a c t  as  a s ink
39fo r  vacancies ju s t  as a d is lo ca tio n  lin o  does. Kimura, Maddin e t  a l  
ca lcu la te d  the decay laws fo r  th i s  type of system. The com plication 
o f th i s  type of vacancy sink  i s  th a t  i t  in c reases in  s iz e  and 
vacancy capturing  area as more vacancies reach  i t .  D islo ca tio n s 
on the other hand are regarded as being e s s e n tia l ly  f ix e d  s in k s .
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I t  vrac a lso  shown th a t  the quenching tonç>eratureB
39could in fluence the type o f hardening produced . When the 
m etal (copper) was quenched fr^m below 800*0 normal va% ncy 
recovery was found. On quenching Aron above 8uO*C two stages 
o f recovery occurred) the f i r s t  and f a s te r  was due to  d ivacancies 
and the second and slower stage to  vacancies.
43811cOX and Whelan showed by e le c tro n  microscopy 
neasurements in  a quenched aluminium f o i l  the movement of 
the quenched-in d is lo ca tip n  loops* The a c tiv a tio n  energy fo r 
the  movement of the r in g  was found to  be the same as th a t  fo r  a
44s in g le  vacancy* Washburn showed th a t  the  c lu s te r  could be 
removed by 5 ^ defernkution. This in d ic a te s  th a t  sm all amounts 
of p la s t ic  work could a c tu a lly  reduce the  d is lo c a tio n  d e n s ity !
In  conclusion i t  nay be sa id  th a t  most o f the i r r a d ia t io n  
and time dependent e f fe c ts  noted a f te r  deform ation may w ith 
confidence be re la te d  to  m ig ra tio n  of p o in t d e fe c ts . I t  has 
been shown th a t  the annealing  of r a d ia tio n  damage proceeds 
w ith the same a c tiv a tio n  e n ^ g y  as s e l f  d iffu s io n .
Quenching gives r i s e  in  time to  quench hardening which 
appears w ith the same a c tiv a tio n  energy as th a t  expected fo r the
46movement of vacancies and d ivacancies . Levy and Metzgen 
measured the in te rn a l  f r ic t io n  of aluminium a f te r  various r a te s  
of cooling. They found th a t  a t  sloir r a te s  of coo ling  the specimen 
re ta in e d  i t s  an ç litu d e  dependent in te rn a l  A ric tio n  as might be
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Qxpocted. An a i r  cool l e f t  le s s  of the am plitude dependent 
e f f e c t  and a  quench removed i t  e n t i r e ly .
16As was mentioned p rev iously  Granato and Lulce jÆoposed 
th a t  the Koster e f f e c t  was due to  the d if fu s io n  of l a t t i c e  d efec ts  
to  the d is lo ca tio n s  causing the in te rn a l  A ric tio n  to  decrease .
Ac the  abcr/e theory i s  f a i r l y  w ell e s ta b lish e d  i t  i s  now p o ss ib le  
to  get a t  le a s t  q u a n tita tiv e  measurements of th e  numbers o f 
p o in t defects in t r  oducâd(y ^ iilfe ren t types of deform ation and 
quenching p rocesses. The d ir e c t  comparison o f in te rn a l  f r i c t io n  
r e s u l t s  with thore  obtained Jyy y ie ld  p o in t ,  hardness, and e l e c t r i c a l  
conductiv ity  p resen ts  l i t t l e  d i f f ic u l ty .
As can be seen from the above equations of Granato and
10Luke , very l i t t l e  d is lo c a tio n  in te rn a l A ric tion  i s  to  be
expected when the loop len g th  of the d is lo c a tio n  i s  reduced to
about one atomic spacing between p inning  p o in ts . However, i t  i s
re a d ily  ca lcu la ted  th a t  in  most types of deform ation which havé
been studied  up to  d a te , the number of vacancies protjuced i s  more
than  enough to  sa tu ra te  the av a ilab le  d is lo c a tio n  l in e s .  I t  would
then appear th a t d is lo c a tio n  in te rn a l A ic t io n  could only u s e fu lly
study the e a r l ie r  stages of deform ation. In te rn a l A ic t io n
measuienent w ill  probably give u se fu l d a ta  in  the d if fu s io n
a c tiv a tio n  energies for the various species of p o in t d efec ts
encountered. I t  should however be rencmberod th a t  the  th e o rie s
16of Granato and Lulie apply only to  a d is lo c a tio n  sink  fo r 
vacancies and i t  i s  known th a t  vacancy c lu s te r s  can form an
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a lte rn a tiv e  trap  fo r excess vacancies. This w il l  probably 
become s ig  i f ic a n t  in  quenching experiraeits where the vacancy 
c lu s te r s  appear to  be n o st common.
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BECIIuN C
The E ife c t of In te rn a l Oxidation on the P ro p e rtie s  of a Metal
I f  a noble m etal con tains a sm all percentage of a 
baser s o lu te , then i t  i s  p o ssib le  by annealing  the a l lo y  in  a 
d i lu te  oxygen atmosphere to  oxid ise the so lu te  w ithout ox id is ing
46the so lven t. Rhines showed th a t  the r a te  of in te rn a l  ox idation
could be expressed by the formula
log  T-  = â  + b wiiere x i s  the p e n e tra tio n  in  cms.
^ t  the time in  seconds
a and b are  constan ts
This equation was shown to  hold in  copper a l le y s  fo r tem peratures
between 750*0 and 1000*C and the constan ts  a and b were given
fo r  a la rg e  range of so lu te s .
I t  i s  e a s ily  shown th /)t oxide p recip itate*^takas p lace
on the g ra in  boundaries p r e f e r e n t ia l ly  because the r a te  of oaygen
47d iffu s io n  is  g re a te s t a t  the boundary. Wood showed th a t  the
s iz e  of the p re c ip ita te d  oxide increased  as the d istan ce  Aom the
su rface  of the specimen increased . The hardness was a lso  shown 
to  decrease as the d istance  Aora the surface increased  and the  
g ra in  s ize  was la rg e r  a t  the c e n tre .
The p resen t in te r e s t  in  in te rn a l ly  ox id ised  m a te ria l 
i s  stim ulated  by the fa c t  th a t  un like  many o ther types of d isp e rs io n  
hardened aj.loys, they r e ta in  th e ir  s tre n g th  a t  higher tem peratures.
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Another Important p o in t i s  th a t  the red u c tio n  in  therm al and 
e le c t r i c a l  co n d u c tiv itie s  i s  no t as severe as i s  the case w ith 
s o lid  so lu tio n s . The only r e a l ly  se rio u s  handicap i s  th a t  
the p re c ip i ta te  of oxide a t  the g ra in  boundaries can reduce 
the p ro p e r tie s  of the a llo y . Various methods of avoiding 
th i s  are  used su ccessfu lly .
Oxide d isp ers io n s can be produced in  a number of ways.
The most obvious ana widely used i s  to  s in te r  the m etal and 
oxide toge ther in  &he form of powders which avoids the g ra in  
boundary e f fe c t  mentioned above. An a l te rn a t iv e  method i s  to  
make up a so lid  so lu tio n  a l lo y  and ox id ise  i t  in  a d i lu te  atmosphere 
o f  oaygen a t  e levated  tem perature. This can be done in  copper 
a llo y s  by passing  a stream  of argon con ta in ing  a l i t t l e  oxygen 
over the specimens. The more usua l method i s  to  s e a l  the  
specimens up in  an argon atmosphere over a mixture o f copper and 
cuprous oxide powders.
Various th e o rie s  have, from time to  tim e, been pu t
forward to  explain  the process of d isp e rs io n  hardening and i t
i s  convenient to  consider these  in  r e la t io n  to  in te rn a l ly  oxid ised
specimens. Mott and Jabarro  p o s tu la te d  th a t  the so lu te  caused
in te rn a l  s tre s s e s  in  the m atrix due to  the m is f i t  of the  p a r t i c l e ”
They gave ^  the y ie ld  s tren g th  in  sheer as
G 3 modulus of r ig ic i i ty  
6  3 s t r a in  in  p r e c ip i ta te  
F 3 volume f ra c t io n  of so lu te  atoms
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‘ 49When the f l e x ib i l i t y  of the d is lo c a tio n  lin e  was taken  in to  account
the  c r i t i c a l  d is tan ce  between the p a r t ic le s  was shown to  be 
i bC ^  ' whore b i s  the Burgers vector
This equation gave fo r the  c r i t i c a l  spacing as aoout 5Ü atomic
spacings which i s  of the c o rre c t order.
. 60Urow#i proposed th a t  d is lo c a tio n  loops were l e f t  
en c irc lin g  the p re c ip ita te d  p a r t ic le s  causing the hardening e f f e c t ,  
dr showed th iit
^  3 ^  b
X
This equation has the advantage th a t  i t  i l l u s t r a t e s  th a t  in
averaging as K increases 'K decreases. P ossib ly  a s l ig h t
m odification  to  t i i is  theory  to  condensate fo r the p a r t ic le
s iz e  i s  req u ired .
-w  -  where a i s  the p a r t ic le  rad iu s
63G eisler suggested th a t  coherency s t r a in s  in  the l a t t i c e  
round the p re c ip i ta te  gave i t  a la rg e r  e f fe c t iv e  rad iu s  and 
th i s  reduce 5 X ,
As mentioned aoove the hardness and te n s i le  s tre n g th  of 
a d ispers ion  hardened a llo y  i s  founa to  be more or le s s  in v e rse ly  
p ro p o rtio n a l to  the s iz e  of tlie p re c ip i ta te d  p a r t i c le s .  The creep 
p ro p e r tie s  of in te rn a lly  ox io ised  copper/alum iniuny^silicon a llo y s
58were shown by M artin and Smith to  be much superio r to  the 
unoxidised a llo y s . On the o ther hand the fa tig u e  p ro p e r tie s
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were poorer in  a poly c ry s ta l l in e  specimen. In a s in g le  c ry s ta l  
however the fa tig u e  p ro p e r tie s  had in^^oved. In  every case the  
f i n . r  p a r t ic le  gave the b est p ro p e r tie s . The weakness in  fa tig u e  
in  the p o Jy c ry sta llin e  m a te r ia l b rings out the d e le te r io u s  e f f e c t  
o f  the p re fe re n tia l  deposition  of oxide a t  the ^ a i n  boundaries.
In te rn a l f r i c t io n  measurements a re  of considerab le  
in te r e s t .  In the so lid  so lu tio n  a ilp y  the so lu te  atoms w il l  be 
firm ly  a ttached  to  the d is lo c a tio n  l in e s  and not an d litu d e  dependant, 
and very l i t t l e  independant banding w ill  be found. On in te rn a l  
ox ida tion  the so lu te  atoms are  removed from the l a t t i c e  and a re  
p re c ip i ta te d  as oxide p a r t ic le s .  This w il l  have the  e f f e c t  
o f unpinning the d is lo c a t io n .l in e s .  This w i l l  allow  am plitude 
dependant in te rn a l A ic t io n  to  be observed. However, th i s
argument does not allow  fo r the hardening by the p a r t i c le s .
68 . 4 O'Hara and Giboons showed fo r Cu/0*2^5i th a t  when the a llo y  was
e x te rn a lly  oxidised i t s  in te rn a l  A ic t io n  became liigher even than
th a t  of pure annealed copper. The reason  given fo r th i s  was
th a t  the s i l i c a  p a r t ic le s  which were sp h e ric a l gave r i s e  to  s t r a in
in  the l a t t i c e  on cooling Aom the o x id is in g  tem perature and ca used
the  c re a tio n  of lo o se ly  pinned d is lo c a tio n s . There seems l i t t l e
doubt th a t  such p a r t ic le s  can in  f a c t  cause such e f f e c ts  as
64 56d is lo c a tio n s  have been seen in  s i lv e r  ch lo rid e  and A on  a llo y s  
rounu p re c ip i ta te s .
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The increase  in  in te rn a l  f r i c t io n  a f te r  in te rn a l  ox id a tio n , 
where i t  should be remembered th a t  the m etal s t i l l  contained  some 
oxygen, in d ic a te s  an apparent increase  in  the loop le n g th  of the  
d is lo c a tio n s . This seems ra th e r  strange in  view of the  f a c t  
th a t  the m etal had been hardened* P o ssib ly  an e3q)lanation can 
be found in  the f a c t  th a t  d is lo c a tio n  damping i s  measuied on only 
a few atomic spacings of d is lo ca tio n  movement, while the y ie ld  
p o in t measurements requA e qu ite  ex tensive movement fo r  the A  
measurement. Thus i t  may be th a t  the  p r e c ip i ta t io n  b a r r ie r s  do 
not in te r f e r e  ;%reatly w ith the v ib ra tio n  of the d is lo c a tio n  lA e s .
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SECTIOM D
The E ffec t o f the P rp p e rtle s  of A on of I n t e r s t i t i a l  Eleraents
The coraraon i n t e r s t i t i a l  elem ents which d isso lv e  in  
A o n , i . e . ,  carbon, n itrogen  and perhaps hydrogen, a re  thought 
to  give r i s e  to  two types of e f f e c t .  The f A s t  i s  the d A fu s io n  
o f  the A t e r o t i t i a l  atoms to  the d is lo c a tio n  which they  then 
impede in  motion. The second e f f e c t  i s  the form ation and 
p ré c ip i ta t io n  of carb ides and n i t r id e s  which have v a rie d  e f fe c ts  
on the mechanical p ro p e rtie s  depending on th e  A  d is t r ib u t io n  
and s iz e .
6As p rev iously  described , C o t t r e l l  and B eilby and l a t e r
66Harper gave the laws for the seg reg a tio n  of i n t e r s t i t i a l  atoms
to  the  d is lo ca tio n s
^  ( l  -  f )  = -  <  4  A A  a co n stan t
^  a  A a c tio n  of atoms moved
to  d is lo c a tio n s
This equation has been shown to  hold up to  alm ost t o t a l
p re c ip i ta t io n  a t  l e a s t  as f a r  as in te rn a l  A ic t io n  r e s u l t s  a re
concerned. The e f fe c ts  of ageA g on the o ther p h y s ic a l p ro p e r tie s
57a re  ra th e r  more conplex. Wilson and R u sse ll measured the e A e c ts  
on various mechanical p ro p e r tie s . They showed th a t  the  y ie ld  p o A t 
re tu rn ed  when the seg regation  had reached about one atom per 
A  the d is lo c a tio n  l in e s .  The y ie ld  p o A t rose q u ite  ra p id ly  during 
th i s  stage of ageA g as did  the bidders Band energy.
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A second stage then  s ta r te d  which was ra th e r  le s s  e f f e c t iv e  A  
r a is A g  the y ie ld  p o in t. This was taken as rep re sen tin g  the 
form ation of an outer envelope of in te r s  t i t  A 1  atoms. %  to  the 
end of th i s  second stage the 'p re c ip i ta te s *  are  e a s i ly  red isso lv ed  
by s tra in in g .
When the  segregation  reaches more than  about two 
atoms over the u n it  leng th  of the  d is lo c a tio n  lA e  the seg rega tion  
becomes more s ta o le  and reduces the  d u c t i l i t y  and a f f e c ts  the 
work hardening p ro p e r tie s  of the m a te r ia l.
As mentioned e a r l io r ,  the h e ig h t o f the in te rn a l  A ic t io n  
peak was a  measurement of the q u an tity  o f carbon or n itro g en  l e f t  A  
the l a t t i c e .  I t  i s  thus p o ss ib le  to  fo llow  the ageing of an Aon 
a l lo y  conta A  A g e ith e r  carbon or n itro g en  by an A te r n a l  A ic t io n  
method. U nfortunately  the more r e a l i s t i c  experim ent w ith  both 
carbon and n itro g en  i s  co n p lica ted  by the f a c t  th a t  in te ra c t io n  
takes p lace between the re la x a tio n  p ro cesses . The carbon and 
n itro g en  re la x a tio n  pealcs l i e  close to g e th er and must overlap  A  
measurement and the A  re s o lu t io n  A  ra th e r  d i f f i c u l t .  I t  i s  aA o  
known th a t  the presence of carbon in flu en ces the p o s it io n  of th e  
n itro g en  peak. Other a llq y in g  elem ents a re  thought to  have 
s im ila r e f f e c ts .
I t  may w ell be p o ss ib le  to  use the  measurement of 
d is lo c a tio n  in te rn a l  A ic t io n  to  fo llow  the ageing p ro cess . On 
quenching the d is lo c a tio n  lA e  w il l  co n ta in  fewer A t e r s t i t i a l  
atoms than i t  would on equ ilib rium  and i t s  loop len g th  w il l  be 
longer. As ageing proceeds the loop len g th  w il l  be reduced
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and w ith i t  the d is lo c a tio n  da p in g . As described e a r l i e r ,  th e re  
i s  a  theory vrtiich allow s a connection to  be made between d if fu s io n  of 
p o A t d efec ts  and d is lo c a tio n  danping. I t  i s  f e l t  th a t  th A  
type of measurement would be a more d A e c t measure of the s ta te  
o f ageA g of a m aterA 1 than the previous method a t  l e a s t  A  
th e  f A s t  s tages o f ageing*
üiüu-m 2
APPARATUS
D escrip tion  of Apparatus 
C ry sta l Arrangement 
C a lib ra tio n  o f Apparatus 
C a lib ra tio n  o f Cry s t a  A  
C a lcu la tio n  of S tra A  A  Spccimens 
E ffec t o f :>uppart P o s itio n  
Conclusions 
Annealing i^ocoss
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APPAldVTUS
The apparatus used was of the type f A s t  described  by 
F o rs te r . In th is  type of apparatus the specimen, in  the form 
of a  rod or b a r, v ib ra te s  A  a A e e -f re e  A ansverse manner. The 
Aequency of v ib ra tio n  i s  decided purely  by the shape of the 
specimen. The specimen i s  supported h o r iz o n ta lly  by two th reads 
a t  p o s itio n s  Ju s t ou tside the nodes of v ib ra tio n . The ip p e r ends 
o f the threads were a ttach ed  to  Rochelle s a l t  p iezo  e l e c t r i c  
c ry s ta ls .  These c ry s ta ls  were used to  ex c ite  and d e te c t the 
v ib ra tio n  of the specimen. The c ry s ta ls  were a ttach ed  by means 
of rubber faced clanps a t  the  A  m id-points to  heavy p ieces  of 
s t e e l  wliich v/ere supported by a th re e  sp ring  arrangem ent. This 
system was designed to  reduce as f a r  as possib le  the  e f f e c ts  o f 
ex te rn a l v ib ra tio n . The general arrangement i s  shown in  F ig . 1^1,
The c ry s ta A  imre of the  p a r a l le l  bonder type 1" x •06** x *25" 
manufactured by M essrs. Cosmocord, Ltd. Connection to  the 
c ry s ta ls  was made by c o ile d  varnished w A es. The d riv e r  c ry s ta l  
was poTTored by a MuAhead Wigan D -  650 decade o s c i l la to r  which 
could supply up to  2 w atts in to  a 7000 inçiedanco a t  any 
Aequency between 1 c /s  and 10 K c /s .  I t  had a  sp e c if ie d  accuracy 
of f  0*2^ and on se rv ic in g  checks was genera lly  found to  be much 
more accurate  than th i s .
The rece iv e r c ry s ta l  was connected to  a MuAliead D 690- A 
an a ly se r. This i s  A  e f f e c t  a tunab le a n p l i f ie r  w ith  a se lf-c o n ta in e d
hF ig . I G eneral View of Suspension Arrangement.
i  :» « u \u \x u
Fig* 3l E lec tro n ic  Apparatus»
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voltmGter* Previous experience had shown th a t  in  order to  nake 
accu ra te  laoasuremont a t  sm all o r^ l i tu d e s ,  i t  was e s se n tia l to  e lim in a te  
any spurious s ig n a l or hum in  th e  ap p a ra tu s , and th is  can b e s t  be 
done by u sing  a tuneable an ç jlü ie r»  This a n ç l i f ie r  was f i t t e d  
w ith  a  stan d ard  a t te n u a to r , which allow ed measurements a t  f u l l  
sc a le  d e f le c tio n  of iïom 3 0 0 ^ /  to  3 to  be made a t any frequency  
between 30 c / s  and 30 Kc/s#
k  Cossor 1049 M I I I  o sc illo sco p e  was used to d isp lay  the 
wave form from the a n a ly se r. Tliis instrum ent had o rig in a lly  been 
chosen as i t  usedO.O. a c ^ i f i e r s  which liave a  b e t te r  frequency 
response th an  the A.C. a m p lif ie rs  in  the  o th ^ r instrum ents a v a ila b le .  
The main a c ^ l i f i e r  in  the  o sc illo sco p e  had a  gain  of approxim ately ' 
900 tim es and in  order to  extend measurements to  lower am plitudes 
i t  was used to  feed a v a lv e 'v o ltm e te r . The valve voltmeter was a 
Marconi TF 1300. This i s  q u ite  a  normal v a lve  voltm eter. The 
c i r c u i t  arrangem ent i s  shown below.
F I 6 »
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The two r e s i s to r s  between the o s c i l la to r  and the d riv e r  c ry s ta l  
re q u ire  some explanation# The 10 KA po ten tiom eter was simply 
to  allow  f in e r  co n tro l of th e  output o f the o s c illa to r#  The 
7 KA r e s i s to r  was p u t in  the c i r c u i t  in  order th a t  the o s c i l la to r  
would be c o r re c t ly  loaded# This was thought necessary  as the 
o s c i l la to r  was designed to  feed in to  a 7 KA inç)edance and the 
c ry s ta l  was found to  have an inqjcdance o f about 50 K A  a t  the 
frequencies used#
Throughout the apparatus the g re a te s t p o ss ib le  care was 
taken  to  sh ie ld  the e l e c t r i c a l  system from in te rfe ren ce#  I t  was 
q u ite  ev iden t th a t  a g rea t dea l of e x te rn a l e l e c t r i c a l  in te rfe ren c e  
could be expected in  the laboratory#  A llico n n ec tin g  w ires were 
of c o -a x ia l cable and connections made by Jack-piugs in  order 
to  reduce the p ick  up of in te rfe ren ce#  I t  was found th a t  under 
c e r ta in  cond itions e l e c t r i c a l  coupling could occur between the 
c o ile d  w ires of the e x c itin g  and d e te c tin g  systems# This was 
la rg e ly  avoided by p lac in g  a shoot s t e e l  b a f i le  round the w ires 
to  the re c e iv e r  c r y s ta l .  Three s e ts  o f c ry s ta ls  were used, 
and \daile they d if fe re d  in  a c tu a l c o n s tru c tio n , they were made 
a s  f a r  as  p o ss ib le  fu n c tio n a lly  id e n tic a l#  üach of the s e ts  of 
appara tus had i t s  own 7000A. r e s i s to r s  and i t  ifos f e l t  th a t  th i s  
was b e t te r  than  a s in g le  r e s is to r  a t  the  o sc illa to r#  Only one 
s e t  of f le x ib le  lead s was used and connections made by jack-p lugs 
a t  each of the th ree  se ts  of c ry s ta ls#
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Bven w ith a tuneable am p lif ie r  i t  was f e l t  th a t  the 
50 c /s  p ick  up by the apparaiius from the  main should be reduced 
to  a minimum. The normal t r i a l  and e r ro r  procedure w ith ea rth in g  
wire p o s it io n s , e t c . ,  was c a rr ie d  ou t. As every appara tus operates 
under unic^ue co nd itions i t  i s  p o in t le s s  to  describe  those in  d e ta i l .
A p o in t woi’th  no ting  i s  th a t  an ea rth ed  s t e e l  sheet beneath the 
apparatus was of the g re a te s t  value in  reducing mains Arequoncy 
in te rfe re n c e .
The e le c tro n ic  appara tus req u ired  some hoturo to  s ta b i l i s e  
G u l'fic ien tly  fo r  accu ra te  use and fo r convenience a con tacto r 
clock was used to sw itch the appara tus on in  the morning.
As i t  was f e l t  th a t  i t  would be u se fu l to  measure the in te rn a l
f r i c t io n  a t  tem peratures above and below room te n p e ra tu io , two baths 
wore construc ted . The low ten ^ e ra tu re  bath  was simply a lagged 
g la ss  co n ta in e r. The specimen was suspended in  a sm all copper 
con ta iner whose c ro ss -se c tio n  was l ik e  an in v e rte d  keyhole. This
con tainer was surrounded by oho l iq u id  cooling  medium, i . e .  acetone or
m ethylated s p i r i t s  and d rico ld  or l iq u id  a i r .  The higher teu p era tu re  
bath  was a lagged copper tank  which was heated by an e le c t r ic  k e t t le
elem ent. F ig u re6  . For te n p e ra tu re s  up to  20U*C an o i l  heating
medium ims used w ith the copp.^r con ta in er described  above. A simple 
c o n tro lle r  was construc ted  fo r th i s  bath  and i s  shown in  Figure 
The apparatus functioned  f a i r ly  ife ll  and gave reasonable co n tro l 
over the working range. I t  was co n stru c ted  to  take up as l i t t l e
room as p o ss ib le  in  the heating  space.
Fig . 5  A Clamping o f C ry s ta l
ÊÊ
F ig . 6  Low and High len d era tu re  Baths w ith 
Specimen C ontainer.
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G ry sta l Arrangement» fYom a considerable amount o f p ae t 
experience , i t  was found necessary to  ad ju s t the clanping  p ressu re  
on the c ry s ta ls  very oorefuUy.A  In the rece iv er c r y s ta l  e sp e c ia lly  
i t  was fourni th a t  the output voltage fo r a given am plitude o f 
v ib ra tio n  was very se n s itiv e  to  the clanping p ressu re . In  p ra c tic e  
the clamping on the c ry s ta l  was ad justed  to  give 80 -  90% o f i t s  
maximum p o ssib le  output vo ltage. This allowed a l l  the c ry s ta ls  
to  be made as fa r  as possib le  s im ila r . I t  was necessary to  check 
the outpu t of a c ry s ta l  a few days a f te r  s e t t in g  as i t  tended to  
change as the rubber bedded in . The ex c ite r  c ry s ta l  was sim ply 
a d ju s ted  to  give the best d riv ing  e f fe c t .  I t  was found th a t  
these  c ry s ta ls  tended to  fra c tu re  i f  the voltage app lied  exceeded 
v o lts  and uhis lim ited  the maximum pozrraissible power ap p lied .
As the c ry s ta ls  were cu t Arom Rochelle 8 a l t , i* e .  sodium- 
potassium  t a r t r a t e  hydrated, they w ill  tend to  decompose under 
vacuum and the apparatus was used in  a i r  a t  atmospheric p ressu re . 
Replacement w ith a non-hydrated c ry s ta l  was no t considered p o ssib le  
as the av a ila b le  m a te ria ls  were not s u f f ic ie n tly  se n s itiv e .
As mentioned above, the power e ff ic ie n c y  of the o s c i l la to r  -  
p ie z o -e le c tr ic  system was ra th e r  poor due to  the d iffe ren ce  in  
impedance of the o s c i l la to r  and c ry s ta l  and th i s  i s  a lso  a fa c to r  
which reduces the maximum povmr av a ila b le . An a tte iq )t was made 
to  in c rease  the power to  the specimen by bhe ex c ite r
c r y s ta l  by an electrom agnetic d riv er (Goodman;. However
i t  tra n sp ire d  th a t  the sm all Goodman av a ilab le  W) did not even
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w ith a matching am p lifie r d rive ae e f f ic ie n t ly  as a c ry s ta l .
No la rg e r  d riv es  wore manufactured a p a r t from very la rg e  s iz e s  
indeed. The electrom agnetic d riv e  method was then  abandoned 
a f te r  i t  had been found th a t  the v ib ra to r  was to o  s e n s itiv e  to  
a sm all low frequency s ig n a l in  the a n p l i f ie r  system.
For reasons which w ill  be mwe f u l ly  d iscussed l a t e r ,  i t  
would be u se fu l to  support the specimen a t  the nodes and d rive  
and detach by magnetic fo rces alone. A m ag n e to -stric tio n  
d rive  was construc ted  but did not prove s u f f ic ie n t ly  s e n s itiv e  
and the metha- was abandoned.
C a lib ra tio n  of Annaratus
The frequency accuracy of the  o s c i l la to r  was checked 
by the m anufacturers from time to  time anu \\fas accepted as 
accurate  to  the sp e c if ie d  l im its .
The accuracy and l in e a r i ty  of the  an a ly se r, o sc illo scope 
and meter are  of paramount inpox’tance . The method of c a lib ra tio n
i s  shown in  Figure Ç  . The vo ltage from the o s c i l la to r  was 
kept constan t from the read ing  on the valve vo ltm eter. The 
de tec tin g  system was supplied  from the standard  a tte n u a to r  which 
passed an accura te  f ra c tio n  of the vo ltage supplied  to  i t .
A se r ie s  of read ings wore taken on the  ana lyser and second 
valve voltm eter as the standard a tten u a to r  was v a rie d . Graph ( l ) .  
The supply frequency used in  these  experim ents was 1700 c /s  which 
was close to  the frequencies to  be used. The ana lyser was found 
to  bo qu ite  l in e a r  and p e r fe c t ly  r e l i a b le .  The ana lyser
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a tte n u a to r  was checked and found to  bo standard . The analyser 
had a se lf-co n ta in e d  c a lib ra tio n  method and could be checked 
and ad ju sted  very quickly and e a s i ly . The osc illo scope -  valve 
vo ltm eter system was much le s s  l in e a r  and would req u ire  a 
c a l ib ra t io n  ch a rt i f  i t  were to  be used. However, using  the 
standard  a tten u a to r on the ana lyser a t  any time the req u ired  
c a l ib ra t io n  could be obtained in  seconds.
C a lib ra tio n  of C rysta ls
The d e f le c tio n  of the re ce iv e r  c r y s ta l  caused a vo ltage 
to  be tran sm itted  to  the an a ly se r. In  order to  c a lc u la te  
the am plitude of v ib ra tio n  and the s t r a in  in  the specimen i t  
was necessary to  know the vo ltage/am plitude re la tio n s h ip  fo r 
specimen v ib ra tio n .
A proxim ity  meter method was t r i e d ,  but did not prove 
s u f f ic ie n t ly  s e n s it iv e . A m icroscopic metiiod was then  adopted. 
The cen tre  of a specimen was coated w ith black c e llu lo se  and 
w hile th is  was s t i l l  s tic k y  some 700 mesh Carborundum powder 
was blown in to  i t .  This gives sm all angular p a r t ic le s  which 
show up w ell ag a in s t a dark background. A m e ta llu rg ic a l 
microscope was mounted h o rizo n ta lly  a t  the c e n tre ( an tinode) 
o f th e  specimen a t  i t s  maximum m agnification . A g ra tic u le  
eyepiece was used to  measure the s iz e  of a p a r t ic le  in  the cen tre  
o f the f i e ld .  The specimen was then  made to  v ib ra te  to  give 
a c e r ta in  voltage on the rece iv e r c ry s ta l  and i t s  apparent 
v e r t i c a l  s ize  was noted from the microscope. As i t  was only
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poEsiblQ to  use the above method a t  r e la t iv e ly  high an ^ litu d es 
i t  was necessary to  assume th a t  the am plitude/vo ltage re la tio n s h ip  
was l in e a r  and coula be ex trap o la ted  to  low am plitudes. Several 
ocqjlitude/vA ltage measurements using  d i f f e r e n t  p a r t ic le s  were 
made. Graph (2 ). i i^ach s e t  of c r y s ta ls  was ad ju sted  by
means of the clamping screws to  be as  c lo se  as p o ss ib le  to  each
o th e r. The accuracy of these  measurements was not b e t te r  than 
♦ 10%.
C alcu la tion  of S tra in  in  dpeciraen
In order to  a r r iv e  a t  the s t r a in  in  the  specimen from
the above m icroscopic r e s u l ts  i t  was necessary  to  consider the
nature of f re e - f re e  v ib ra tio n  of a rod .
For a sm all d e f le c tio n  the curvature i s  given by
81 3  d y R = ra d iu s  of cu rvatu reS i r  y  = v e r t i c a l  displacem ent
X =3 d is tan ce  flrcra cen tre
The bending moment M i s  given by
M 3 B 
R
B i s  a  constan t
A B i s  the n e u tra l ax is  
Consider a  b a t  d is tan ce  
r  from A B of len g th  é x Area
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a b‘ r.fto r bending = 6 x
IÎOW i f  E = Young* s modulus 
F ( fo rce ) = ~
Xow f e — ■ 3  where = -S -  ( s t r a in )A + r  R g X R
T. 3 E 4 / r  
^  —
8
Moment = ^ R
T otal moment PS on arc  S
8
_  f  <  (V /  -““ R ^  "  R
a* orwhere K = ra d iu s  of gy ra tion  =
i f  a i s  the rad iu s  of a c irc u la r  specimen and 
t  the th ick n ess of a rec tan g u la r  one
-  i  =
8 8M = S S K d ^
I f  F i s  tran sv e rse  shear fo rc e , ^  i s  d en sity  
S i s  area
2
j J L  = a c c e le ra tio n  o f gx 
d t«
fi F = /=> S #x / y
(B
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As the area S i s  ro ta te d  by a ^  = j y
(he
I  d 9  = ^  X ♦ F ^ X
This gives /O S / ^  -  K* d*_y \ ,  ,  d” y
I dt= dif db= / d X*
fo r sm all d e flec tio n s  get
d t  d y»
where C = / 1 the v e lo c ity  of the lo n g itu d in a l wave
z a  a COS n t  assumed
d L ï .  = /gm *
d x *  E f
*y a  m y
* »m a  U
fi K*
y  a  (a cosh m % + B sh in  m x > ( cos m x ♦ D s in  m x) cos n t
By applying; the end cond itions of a bar of len g th  1 and mid 
p o in t X 
2
d 1y a  rfW = 0  a t x  = + A l
^  = - 4^  a x
This gives
^  = (a cosh m X + G cos m x) cos n t
X a  m ^  = (S )fT + B
2
where S = 1 , 2 , 3 -
B i s  small except whe i S = /
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Thus m =_ 2 flv  )
K /K2 7 7  g  Jg>
Where N is  the frequency in  cycles per second.
This i s  the equation  fo r tran sv e rse  v ib ra tio n  
when S 3  1 , (4S -  l )  = 3*0112 ( due the fa c to r  B)
This leads to  the r e s u l t s  (Wood)
Uunber of Ilumber of P o s itio n  of Ifodes P a tio  of
Zone îlodes fj-eguency
1 2 0  2242, 07758 1
2 3 0*132, 0*50, 0*8679 2*756
3 4 0*094, 0  356, 0  644, 0*905 5*404
4 4 5 0*073, 0*277,0" 50, 0*72 , 0*926 9*33
Now using ÿ. = (a cosh m x -•* C cos m x)  cos n t  a t  the maximum 
d e fle c tio n  of the bar (cen tre )  amd cos n t  = 1
The rad ius of the bent bar i s  given by 
R = -  "
d
d y  2  Am sh in  m x -  C m s in  m x
d X
8 8°  ^  = A m  cosh m X -  C m cos ra x
d X
^ “  m®( A cosh m X -  C Cos m x)
At the cen tre  of the bar x = 0
o _ - 1 _______
"  m*(A -  C)
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Now consider the nodes a t  the same time
'Jp = 0 (by d e f in it io n  of 1s t  harmonic node)
For a 10 cm bar m = 0*473
0 3 A cosh ra X C cos ra x
3  A cosh 0*473 X 2*758 > 0  cOsh 0*473 x 2*753 
3  A cosh 1*3 * 0 cos 1*3 
3  A 1* 9709 ♦ C cos 74* 50
à  3 -0*1324C
y 3  c (-0*1324 cosh m x + cos m x )
a t  X 3  0
y 3  0*8676 C
This g ives the req u ired  c o r re la tio n  between the values of 
A and 0 fo r fundamental d e fle c tio n s  
A 3 -0*1324 C 
3 0*8676 C 
A -  C 3  l*3y
a  = -  'm®(A -  C) 0*223 x  l*3y
S tra in  3 ^  3 0*231 x 0* ;223 x l*3y Q^r 3 / l 6 "  d ia . bar
£  m 3  0* 067y
From th e  re la tio n sh ip  o f  obtained m icroscopically  and the  vo ltage 
the £ ry  voltage r e la t io n  i s  deduced 
This gives
1 1/  3  16 X 10 yr
£  m 3  0* o67 X 16 X 10 s  1 x 10
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While the r e la t iv e  values of an p litu d e  can be given w ith some 
accuracy the absolu te an p litu d e  i s  not known to  b e t te r  than  m 10^ 
Higher Harmonics
A bar in  f te e - f te e  motion can only v ib ra te  in  a node 
which i s  symmetrical about i t s  cen tre  (Wood). This means th a t
S = 2 i s  not a p o ssib le  harmonic in  th is  apparatus. This was
shown experim entally  to  be the case .
When 8 = 3  v ib ra tio n  i s  p o s s ib le , but from the equation
= a cosh m X + C cos m x
i t  can be seen th a t  when x i s  g rea te r  than one cen tim e tre , the
exponential p a r t  i s  g rea te r than th e  co s in e- This considerab ly
corzplicates the problem and as l i t t l e  advantage would be obtained
by a f iv e  fo ld  increase in  frequency, i t  was decided not to  use
higher harmonics a t  le a s t  where the am plitude was of inportan ce .
The a f f e c t  of Support P o s itio n
In thgfS; s te r  apparatus the specimen i s  supported a t  a
p o in t other than the node of v ib ra tio n . This i s  o f course
necessary i f  apy ex c itin g  or d e tec tin g  of the specimen i s  req u ired .
The th reads used fo r supporting have u n fo rtu n a te ly  a damping e f f e c t
on the specimen and i t  was noted by Forster than th i s  increased  as
the  d istance of the support from th e  node increased .
4 7Wachtman and T e ff t  gave the  follow ing an a ly s is  of the
system »
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I
I f  i s  danplng due to  apparatus 
Gc^  i s  danping of specimen
i s  t o t a l  (apparent) damping 
Then i f  y is  the movement of the th read  and jK)the movement of the 
end of the specimen
6?u, oC k a 87
yo*
and
ks k
- 1 a ,
I f
Ilayleigh gave the value o f as
= 1"Olfl 73^  *ooa ■2* 036
Where x i s  the d is tan ce  ftom the end of the specimen, len g th  ^
By m e a s u r i n g f o r  various p o s it io n s  of i t  i s  p o ssib le  to
c a lc u la te  the values of k and . I f  as i s  normally
the case the specimens are  arp litucle  d ep en d an t,it i s  necessary
to  keep the am plitude constan t to  m aintain . This was done
by 0*Hara, who ca lcu la ted  the vo ltage to  be expected on the
rece iv e r c ry s ta l  w ith  the si:ç)parts in  various p o s itio n s  assuming
constan t amplitude o f specimen v ib ra tio n . As i t  was extrem ely
d i i f i c u l t  to  p lace the th reads a c c u ia te ly  on the specimen the
method was ra th e r  inaccu ra te  due to  e r ro rs  in  specimen am plitude.
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The p re sen t appara tus was constructed  to  allow  measurements 
a t  low am plitudes of v ib ra tio n  ( f ^  a  1 x lo"^ where no ànçjlitude 
dépendance i s  found in  the specimens used* The damping o f the 
specimen was neasused a t  low an p litu d e  fo r  the th reads in  a  s e r ie s  
of p o s itio n s  and a graph drawn of d is tan ce  Arom node/ ^  Graph (3 ). 
This was ex trap o la ted  to  the node to  give the tru e  danping of the 
specimen. I t  was f e l t  th a t  th i s  method was s u f f ic ie n t ly  accu ra te  
fo r the p resen t work.
I t  w ill  be noted from  the r e s u l t s  shown th a t  each of 
the suspension se ts  gave a d if fe re n t  value of apparatus damping.
This could be explained by the d if fe re n t  types of th read s used in  each 
suspension s e t .
Conclusionst
An appara tus had been developed \diich was capable of 
making measurements of in te rn a l f r i c t io n  over qu ite  a wide range 
of s t r a in  anç>litude6. While the r e la t iv e  am plitudes a re  known 
w ith  some accuracy , the abso lu te  values a re  only approxim ately 
known. The d if fe re n t  se ts  of apparatus while s im ila r  are  not 
id e n tic a l  and i t  i s  lrç>ortant th a t  a l l  measurements in  one s e t  
of e:Q)eriments should be made on the same rece iv e r  c ry s ta l  method 
of measurint^ in te rn a l  f r ic t io n .
The w idth o f the resonan t peak was used to  measure the
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in te rn a l  f r ic t io n .  The specimen a f te r  being p laced  in  the 
apparatus was v ib ia tedand  i t s  resonant Arequency found by experiment 
The voltage fed to  the e x c ite r  c r y s ta l  was then a l te r e d  u n t i l  the  
output voltage ftom the d e tec to r c ry s ta l  had reached a chosen 
value. This frequency Vr was then noted and the frequency of 
the o s c i l la to r  ra is e d  u n t i l  the voltage output was ex ac tly  h a lf  
th a t  of the resonant Arequency Vg. The frequency was then  
lowered u n t i l  the voltage was again  h a lf  V i. The in te rn a l  
f r ic t io n  i s  then given by
The anp litude  of v ib ra tio n  a t  the resonan t frequency was chosen 
so th a t  normally a f u l l  sca le  d e f le c tio n  was obtained on the 
analyser and a l te r a t io n s  in  am plitude were obtained 'ey varying 
the a tten u a to r on the  an a ly se r. As th is  was c a lib ra te d  in  
d e c ib e ls , i t  v/as normal to  increase  the an p litu d e  by a fa c to r  
o f 10 d .b . , which corresponds to  an increase  of about 7*6 tim es. 
O ccasionally 6 d .b . inc reases were used and th i s  corresponded to  
doubling the an p litu d e . As described  above, i t  was necessary  
on occasion to  use the am p lifie r o s c i l la to r  and a  valve voltm eter 
to  make measuiements a t  lower am plitudes. The process was 
s im ila r  but a c a lib ra tio n  of the system was needed.
-57-
Annealln,-^ Process
iîost of the spociiaens used were vacuum annealed to
remove and in te rn a l  s tre s se s  as w ell as to  o b ta in  a
su ita b le  g rain  size* The furnace used was a h o rizo n ta l c r u c i l i t e
furnace w ith a 2.1/4** m u llita  tube Tlie vacuum system was a
normal two stage o i l  a i ifu s io n  pump backed by a two stage ro ta ry
-cpunp. The vacuum obtained was of the order of 5 x 10 m.m. Hg.
No cold tra p  was used and a Senders type valve was used in  p lace 
of the normal f la p  type.
Copper specimens were annealed in  sp eo tro g rap h ica lly  
pure graphite  ro d s . A ll other m etals used were annealed on open 
alumina plaques grooved to  hold the specimens.
The furnace was arranged to  give an even ten p cra tu re  over 
about s ix  inches a t  i t s  cen tre  and was co n tro lled  by a  Kelvin-Hughes 
c o n tro lle r  working from a drorael-alum el c o iç le . w enching was 
done e i th e r  from argon or under vacuum. The argon quench was 
done Arom a 2** v e r t ic a l  nichrome fu rnace , the  specimen being held 
by a 4Ü gauge nichrome wire w ith a s l ip  knot a t  i t s  end. The 
quenching medium was v/ater a t  room tem perature. The water contained 
a cushion of g lass  wool to  prevent ja r r in g  of the specimen. The 
vacuum quench was arranged so th a t  a l l  necessary opera tions
were done under vacuum. The furnace i%*as v e r t ic a l  and punned 
by a  r o ta r y /o i l  d iffu s io n  system. The vacuum system was a ttached
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to  the furnace by a T ju n c tio n  a t  i t s  lower end. A 1 .1 /2 "  dia 
Saunders valve was used to  s e a l the  d iffu s io n  pump. A by-pass 
system was a lso  included . The top of the  furnace tube was 
sea led  by a coppor cap through which an in su la te d  e lec tro d e  
passed . The specimen was supported by a wire w ith a s l ip  knot 
a t  the top of which was a sm all b rass  ims’ie r . This washer wsis 
supported Arom an iro n  wire s tre tch ed  between the te rm inals  in  
the top cap. The specimen was quenched by fu sin g  the iro n  wire 
by a heavy e l e c t r i c a l  cu rren t. The b rass  washer was found to  be 
e s s e n t ia l  in  order to  ensure th a t  the iro n  wire did no t weld to  
the wire idiich supported the specimen. The ^ecim en  support 
w ire depended upon the ten p era tu re  and specimen used. Platinum  
wire was used fo r n ick e l specimens quenched from about 1200% ., 
iro n  wire for iro n  specimens and nichrome wire fo r s i lv e r  specimens.
The quenching medium was d if fu s io n  puzq) o i l  in  the lower 
leg  of the T ju n c tio n . Again g la ss  wool was used to  prevent 
ja r r in g .
In te rn a l ox idation  was done in  a h o rizo n ta l closed end 
furnace w ith a 2 .3 /4 "  d ia . aluminous p o rce la in  tube . A s t a t i c  
atmosphere of argon was used and the p ressu re  of th i s  was increased  
from day to  day as req u ired . The furnace which was co n tro lled  by a 
Kelvin-Hughes c o n tro lle r  was wound i/ i th  a graded element to  
ob tain  a very oven heating  zone. Wet hydrogen treatm ent 
was a lso  done in  th i s  furnace. A few cubic cen tim eters of 
hydrogen per minute were bubbled through water a t  room tem perature
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bofore being adm itted to  the furnace*
N itrid in ,^ was done ina 3** d ia . n ich ra ie  furnace.
Hycirogen and ammonia were passed tlirough separa te  flow gauges, 
nixed and passed in to  the furnace* ACracking furnace was used to  
dispose of any rem aining ammonia.
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The E f fe c t  o f Deform ation on Oxygen i^ ee  H lch  C o n a u c tiv ity  Copper
( l )  Tensile alon^atlon
I t  was known from the l i t e r a tu r e  th a t  deform ation would 
e ith e r  increase or decrease the in te rn a l f t i c t io n  of an annealed 
m a te ria l and th /\t c e r ta in  time dependant processes were a t  work. 
However, no conqDlete range of data was av a ila b le  fo r d if fe re n t  
amounts of deformation. As some work had a lready  been done in  
the  department on copper i t  was decided to  use the same m a te ria l, 
as fa r  as possib le  under the same co n d itio n s. The specimens 
wore in  the form of 3/16** d ia . rod made to  B .b .b . 1861. The 
rods were annealed under vacuum a t  920* fo r 1 .1 /2  hours in  
hollow graphite rods. This re s u lte d  in  a uniform and convenient 
g ra in  s iz e .A fte r  annealing the specimens werë always handled 
w ith  the utmost care to  prevent a c c id e n ta l deform ation. The 
specimens weie annealed in  15 cm leng ths ana were cu t to  10 c.m. 
a f te r  deform ation, thus removing the ra tiic r  d is to r te d  ends which 
hau been gripped by the jaws of the te n s i le  machine.
The te n s ile  machine used was a 25 ton  Avery te s t in g  
machine but as i t  was necessary to  remove the unbroken specimen 
w ithout bending a m odification  was necersary . The upper end 
of the specimen was secured by a H ounsfield wire te s t in g  Jaw 
which was suspended from the upp^r jaw of the Avery machine by 
a  chain. The lower end of the specimen was simply held  by 
the normal sheet jaw fo r the Avery macliine. The specimen was 
f i r s t  f i t t e d  in to  the Hounsfield g rip  which was then  placed on
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the chain in  the te n s i le  machine. The height of the machine 
was ad justed  u n t i l  the lower p a r t  of the specimen could be 
held in  the lower jaw. The specimen was then elongated  in  
the  normal way and the load re le a se d . The lower jaw of the 
te n s i le  nuichine would then e i th e r  .irop Aree by i t s e l f  or f a l l  i f  
l ig h t ly  tapped. The specimen and the  Hounsfield gYip were then 
removed. The Hounsfield g rip  was unscrewed and the jaws knocked 
back by a tube p laced  round the specimen. The specimen was then 
sawn to  leng th  by a f in e  Jeweller* s saw. Only the  ends to  be 
d iscarded were held in  the v ice . The specimen was then  placed 
in  the apparatus and measured in  the usua l way.
I t  was shown by experiment th a t  x.he clnnping and sawing 
c a rr ie d  out had v i r tu a l ly  no e f f e c t  on the in te rn a l  f r i c t io n  of 
the specimen i f  done c a re fu lly . The probable reason  fo r  th is  
i s  th a t  the ends of the specimen do not co n trib u te  to  the in te rn a l  
f t i c t io n  in  the F o rs te r  apparatus and hence the s l ig h t  deform ation 
in e v ita b le  in  sawing i s  o f no s ig n ific a n c e .
A normal s t r e s s / s t r a in  curve fo r the m a te r ia l was 
determined and th i s  i s  shown in  Graph (4 ) . The extensom eter 
used was a 2” gauge H ounsfield on a s ix  inch  specimen fo r the 
lower range and a p a ir  of c a l l ip e r s  fo r  the la rg e r  ex tensions.
The fo llow ing  r e s u l t s  were obtained before the analyser 
was pu t in to  the system and th is  meant th a t  no am plitude independent 
(Z i i  ) measurements could be made d ir e c t ly .  To make such an p litu u e
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independent measureraents i t  was necessary to  ob ta in  a s e r ie s  
of in te rn a l  A ric tion  measurements a t  various am plitudes and 
ex trap o la te  to  zero s t r e s s .  While th i s  could bo done, some 
time was req u iied  and l i t t l e  u se fu l d a ta  on recovery could be 
obtained.
The r e s u l t s  shown in  Graph lo. (5) are  the measurmeats
hours
of in te rn a l  f r ic t io n  determ ined^ and 2 4 / i f te r  deform ation a t  a
—5maximum s tr a in  amplitude of 2*5 x 10 . I t  w ill  be noted th a t  
the in te rn a l f r ic t io n  in c reases  ra p id ly  up to  about 1 /2^ elongation  
and then decreases more slowly u n t i l  i t  i s  alm ost constan t a t  
about 7^ elongation . I t  w ill  be c le a r  th a t  a t  the higher 
in te rn a l  A ric tion  ran  ;e a considerab le  s c a t te r  i s  found in  the
r e s u l t s  while the lower in te rn a l  f r i c t io n  r e s u l t s  a o more rep ro d u cib le . 
The ex ten t of the recovery w ith time w ill  be seen to  be g re a te s t
where the in te rn a l A ric tion  i s  h ig iiest. This i s  in  conplote 
agreement w ith most of the rep o rted  in v e s tig a tio n s . The a c tu a l 
r a te  of recovery was thought to  be of some in te r e s t  and i t  was 
decided to  measure i t .
As recovery r a te s  can only be compared i f  the specimens 
used are equally  s tre ssed  in  measurement, i t  i s  necessary  to  adopt 
two standard anp litudes of measurement. The lower of these  was 
chosen so th a t  the specimen was not s tre s sed  in to  the an p litu d e  
dependent reg ion . This measured not only the am plitude independent 
d is lo c a tio n  in te rn a l f r ic t io n  but a lso  a l l  the o ther types of 
in te rn a l  f r ic t io n  ac tin g  in  the specimen. The apparatus
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danplng was a lso  Incluued In th is  measurement. The second 
measurement was made a t  a very much higher am plituue and included 
the am plitude dependant in te rn a l  f r ic a t io n .  The p a r t
o f  the in te rn a l  f r ic t io n  could then be obtained by simply 
su b tra c tin g  the two aboie values. The advantage of the 
an a ly se r in  the c i r c u i t  i s  thfit d ir e c t  measurement of the 
independent p a rt of the in te rn a l  f r ic t io n  i s  e a s i ly  made.
As the d riv ing  power of the apparatus was ra th e r  
lim ite d  i t  was necessary to  s e le c t  some an ^ litu d e  of v ib ra tio n  
which coulu be reached w ith the specimens used. ’N aturally 
specimens of high in te rn a l f r ic t io n  were more d i f f i c u l t  to  ex c ite  
and thus the higher damping of the specimens which had been 
sub jec ted  to  small amounûa of deform ation governed the  maximum
am plitude perm issib le . A fter some experiment i t  was decided
<-e -6to  use s tr a in  am plitudes of 5 x 10 and 1 x 10 as these
appeared to  be the best fo r the elongations used , i . e .  3/£,
4*2/î, and 5*6^ measurements were made only fo r about the f i r s t  
30 minutes a f te r  d e fam atio n  as most of the recovery appeared 
to  take place during th is  tim e. The r e s u l t s  are  shown in  
Graphs 6 , 7 , 8 and 9 p lo tte d  by log AH/t . The reason  fo r th is  
r a th e r  p ecu lia r p lo t  i s  th a t  from uhe r e s u l t s  o f 0* Hara and the  
th e o rie s  of Granato and Luke a s tr a ig h t  l in e  should be obtained.
As i s  obvious there  is  a g rea t deal of s c a t te r  in  the  r e s u l t s .
This may be explained from a shortcoming in  the o s c i l la to r  used.
As i t  was a decade instrum ent s l ig h t  in accu rac ies  were in e v ita b le
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between the scale  s e ttin g s  and the frequency supp lied . U nfortunately 
these s l ig h t  d iffe re n ce s , while p ro p o rtio n a lly  very sm all, were 
enough to  s c a tte r  the recovery r e s u l t s .  I t  was f e l t  th a t  as 
th e  ^  lûw was known to  hold r ig id ly ,f o r  th is  type of recovery 
p a r a l le l  l in e s  could be drawn through the e;jq)orimontal r e s u l t s  
and give the c o rre c t recovery l in e .  The v e r t ic a l  displacem ent 
between the l in e s  was taken to  be due to  frequency ^ r r o r s  in  
the appara tu s. N atu rally  th is  e r ro r  w ill  be much le s s  severe 
w ith high AH values and a t  a l l  tim es i t  was necessary  to  use 
am plitudes which gave a reasonably  high A W i f  tlidse e f f e c t  was 
to  be reduced. However, a t  a l l  tim es i t  was necessary  to  allow  
fo r t h i s  e f f e c t  i a  in te rp re t in g  any recovery data .
The r e s u l t s  while ra th e r  u n sa tis fa c to ry  show th a t  the
r a te  o f recovery i s  g rea te r fo r the g re a te s t e lo n g atio n .
16Gbranato and Luke gave 
= Z ' i J i J i i a i i y j c c  r 1  * n  Cl l -k  ^
 n '^ T u  ---------  ' ------------------------------ '
Thus log  A ti i o
,  c -  ( 0 .0  .  C „ )  ( 1 .  l l ’J
Thus the g rad ien t of l o g A ^ t ^  = R os given by
E ,  ( c . .  )
= 15 Cio (
Wliere G and i2 are constan ts .
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Thus i f  the d if fu s io n  c o e f f ic ie n t D ie  a co n s tan t, th en  a p lo t  
of R/Gjo should be a s tr a ig h t  l in e .  C o t tr e l l  gave the  con­
ce n tra tio n  of vacancies to  be p ro p o rtio n a l to  the  e longation .
The values of obtained were p lo tte d  a g a in s t e longation  emd
are shown in  Graph (lO ). This shows q u ite  a reg u la r curve
and thus i t  seems th a t  the value of the d if fu s io n  c o e f f ic ie n t D 
v a rie s  with the amount of e longation .
The a c t iv a t io n  energy of the recovery process i s  
l ik e ly  to  bo of more s ig n ific an ce  than  the d if fu s io n  c o e f f ic ie n t .
The a c tiv a tio n  energy i s  a lso  obtained from the Granato and 
Luke equation
A/f = A exp [ -iVt (Cio ♦ Cgo ) ( l  + B t  )]
logA ^=  "Ai (Cio 4" Cgo ) ( l  ♦ B t ^
G radient of % j
l o g A ^ R  = (Cio ♦ Cgo ) B t
S u b s titu tin g  fo r D %
R s  Ai Cio -  ’
logR.x*^^ = K •  ^
log  R«T ^ a  2 U 
3 KT
G radient of log  R » T ^ /j  i s  ^  ^
Thus when the tem perature dépendance of g rad ien t o f l o g f l ^ t ^ ^
i s  determined the a c tiv a tio n  energy fo r the process may be ca lcu la ted ,
The Q x ^ ) o r r e s u l t s  obtainsd using tbo oQtbod 
previjuGly described su ffer IToq a rnthsr serious drawback.
As p rovioio ly  mentioned the s lig h t  Inaocuracieo when dmnging 
froQ scale to  sca le  in  the o sc illa to r  lead to  an apparent 
scatterin g  of the r e su lts . The o sc illa to r  used was a decade 
instrument and while very accurate and stab le when compared 
with other conmercinl in* truoonts, the œ m ll margin of error 
beoooe quite ^nportar^t. The spread o f the peak a t h a lf width 
was of the cruer of u n its of cy c les on a resonant frequency o f  
about IbOO c /s .
With the decade instrument used a frequency varia tion  
of 0 • 1 o/b coulc; be obtained by the ro tation  o f a control which 
gave continuous variations over tho range 0 -  1*2 o /s . Howeveri 
i f  0 8  nurnolly was the cose a frequency variation  o f nore than 
1 0/8 was required thon a control g iv in g a varia tion  o f 0 •  10 o /s  
in  1 0 / 8  increments was need. I t  was found th at the increments 
obtained in  th ia  way wore not exactly  1 o /s  but included a sm all e rro r  
due to  the apparatus. The to ta l instrument error was quoted 
by tho m nufaoturers to  be 0 2 ^  o f tho fro luernqr* tiaturally  
th is  error did not occur alto:%other in  one control but th is  figure  
may be token as tho nnxinun frequency error. While sm all compared 
with tho actu a l working frequency (opproxim tely 1500 o /s ) ,  i t  i s  
rathci la rg e  «fhen measuring the width o f the resonant peak, over 
soy 5 Q/B* In actu al fa c t the to ta l instrument error was found
to  bQ ouch lo se  thtin the figu re quoted above. N aturally i f  for 
asy reason i t  was neoeosary to  change eith er tbs 10 •  100 c /s  
ot the 100-1000 c /s  ranges a more seriou s error was lik e ly  to  be 
introduced. Idisa a rxmsuremont o f in tern a l fr ic t io n  was being 
made tho frequency d ifferen ce a t the h a lf peak hsi^ÿit was 
deterninod normally by moving both tho 0 - 1  and 1 r 10 o /s  
controls though oooasionally i t  was nooespaxy to  change the 
10 -  100 o /s  oontrol. Whilo the frequency d ifferen ce and 
hence tho in tern a l fr ic tio n  thus determined was not ab solu tely  
accurate# th io  i s  not o f prime importance so  long as tho r e s t  
of the readings in  the s e t  wore mode by moving the 1 - 1 0  
and 10 -  100 o /s  controls by eomotly tho same increnente for each 
reading tim e. However# as the in tern a l fr ic t io n  changed with time 
th is was not always p o ssib le . I t  must a lso  bo remembered that 
during a recovery process the resonant frequency o f tho specimen 
taay be expaoted to  increase. Xfauo during an experiment there 
w ill be a steady change in  resonant frequency and hence a change 
in  the particu lar se ttin g s required to  measure the in tern a l fr ic tio n  
and th) errors introduced w ill a lso  tend to  change. Thus a 
ntaber o f sucoescive recovery meapurenents ware o ften  made w ith the 
same d ig its  used and hence with a constant error and tho next 
one or two readings laoy bo made with perhaps only one d ig it  
changed but with a d ifferen t error. When these r e su lts  ore
llo tto d  tlioro u t i l  bo a oiitiden In to m ^ tio n  o f tbu r o o o w y  lin e  
but both portions o f tho lin e  w ill be p oro liel*  ;:lnoe the 
ootlvatioQ  energy UepenUe only uo tho slope o f tho lin e  theoe 
if^eryuptlono ere not important oo long ao the olopee can be 
Ibiinii with umrtainty#
Aa the f in a l p lo t o f depends on two e^xorate
Internal fp io tio n  naaiiuretiet^te# i t  ie  to  bo expeoted that tliece 
vorlitlonp  would be quite frequent. ijowevor# i f  tbo A F value 
iG o f the order o f 3 -  4 lya i t  woe found that the only error 
i^doh wiia oppreolahlo was tb it  due to  the ohaufje o f the 10 -  100 o /e  
con trol. i t  on the other band the A F value woe only o f the 
order o f 1 o /e  or le  e t!wn a  ree ia h le  errors were introduced  
ly  the 1 - 1 0  0 / 0  range#
For thane reaeonn i t  woe neoeeeory when esrimining a net 
of oxperlnontal renulto to  p lo t a aorloe o f p a r a lle l lin e s  rather 
than a sin g le  lin e  i^ c h  mi h t uppmtx to  be tho ijeet for the 
availab le points# When thore was doubt as to  wiiich were the 
co ireot lin e s  to  draw i t  wns nuoeonnry o^ exooioo the o r ig in a l 
readings to  detoraine a t  which p o in ts d isco n tin u itie s  tany be 
mq>eotod. I t  was often  thi cnse that two or three poin ts f e l l  
on Qoo lino# tho moet two or no on anoth^  p a r a lle l lin e#  and then 
pcrbq>o oono noro near the f i r s t  lin e#  Tliis ooneo about iqply  
beoriuce succeeding: errors m ist canoel i f  thuy are not to  booooe 
euoulatlve. Naturally soou trep id ation  was f e l t  with regard to  
a sin g le  s e t  o f r e su lts  o f th is  natuie and i t  was ncoesw ry to
obtain confirm ation A  am rep lica te  expcrla n ts . In the 
follow ing r e s u lts , vdillo often  only one or two se ts  of r e su lts  
ore shown, In each case conflrneitory r e su lts  wore obviined but 
not p lo tted  for the cake o f c la r ity .
The method used Is best apprécia tod by considering  
two e p ic a l  graphic chosen a t random ikon tho fo llow in g r e su lts .
Qraph 6 shows the recovery of coppor a fter  4*4# elongation . The 
points a t 4 , U, 13 minutes are on one l in e , while the points 
at 12 and 22 minutoe are on another piurallel l in e .
This in terpretation  a r ises  fkom the fa c t th at a t 
4 and 0 minutes a l l  tho readings were made in  the range 1630-1640 c /s .  
The readings a t 13 and 22 minutes were ranue with tho lower readings 
in  the 163U •  1640 o /e range and the lUippcur freqpisncy readings 
in  the range 1640 •  50 c / s .  At tiio IB minute reading* the 
frequencies used were wholly in  tho 1640 * 50 c /s  range. As the 
in tern al fr ic tio n  was quite high in  th is e3q>orimünt only the change 
o f the 10 -  100 o /s  range gave an ap]>reelable error.
In graph 9 on the othar hand tbo in tern a l fr ic tio n  
wns rat^ Kur low. The actual esqDcrimuntal readings were#
Time
Nine
4 X
i.oeonant 
Frequerxiy 
c /e  
1023» 75
l^ jerirequeney
1025» 22
uaaorFkoquency
1621» 34 3» 60
I  ♦ a 1004» 30 1627» 10 1622»90 4» 20
6 2 1020» JO 102r^7U 1025*30 3» 40
I  ♦ il 1027»1U 1029.29 1025*44 3»65
n % 1028»11 1029» UO 1620» 70 3*10
I  ♦ a 1020» ;27 1630» 36 1020» 60 3*76
lb I 1029*06 1031»26 1620» a* 3» 02
I  ♦ a 1029» 30 1031» 36 1020» (21 3*55
20 2 1031» 03 1632*75 1029*69 > 0 6
I  ♦ a 1030*90 163;>97 1629*45 > 5 1
26 2 1031» 60 1633»22 163026 2*96
I ♦ ri 1031»46 1633»42 163001 > 4 1
For the l i r s t  jx>int ( 4 oino) 4 and b d ig its  were changed
to  obtain tho readinga# wlilXo for tho next two poluto (ô and 11 
oim itaa) the 3 and 4 d ig its  ware ohangad and I t  mm these two 
p o in ts, which wore oh a in  d on tho mvaa n e ttin g , which wwr# ueed 
to  obtain tlw  slope o f Wie lin o . A fter 13 mitaitee tho Id  -  100 c /a  
range wtio changed uxax the point ie  not near the l in e . At 20 ninutee
i t  was n lso  changed hut d ifferen t aettin ge on the un ite eoale wore need.
Tnkon in  ic  jia tio n  th is  so t of ré su lté  ie  obviouely very 
oufipcct but provides the l i s t  point on gragih 10 Ikon idiich
Tims
4 I
14li30IVtriti r^ov#ioiu4rQ/O
1622,75
iro(ÿiorcy
1625*22
toworikoqusnuy
1621*54 3*66
U a 1624*39 1627*10 1622*90 4*20
Q X 1626*30 1626*70 1625*30 3*40
I  ♦ ii 1627*10 1629*29 1625*44 3*05
11 I 1626*11 1629*80 1626*70 3*10
I  ♦ a 1626*27 1630*36 1626*60 3*76
15 1 1629*66 1631*26 1620*24 3*m
1 4 u X6;^ 9*60 1631*36 1628*01 3*55
20 1 1631*03 1632*75 1629*69 3*06
1 ♦ a 163090 1632*97 1629*45 3*51
26 X 1631*66 1633*22 1630*26 2*96
I  ^ a 1631*46 1633*42 1630*01 3*41
For tbs f i r s t  point (4 doaj 4 and 5 d ig its  wore chan^pid
tu obtain ü ti reaülngm, viiUe for Jbû next two p oin ts (O and 11 
alnutuü> tbo 3 and 4 d ig its  wore cbnngod and I t  was tbuss two 
p o in ts, wbluh wuro obtained on tho snmo so ttin g , which wwo used 
to  obtain the sloi>o oi‘ tbo iio o . ^vftor 15 oizaitos tbo 10 -  100 o /s  
ro^  go woo cbnngou and tivi point i s  not nonr tho lin o . At 20 tainutos 
tbo ton oyolo par i:ooo**i ouaio was altorod  and a t 26 oinutoc i t  was 
a lso  cbrmgmi but d ifforon t s e tt in g s  '2)o u n its sanio woro unodU
Xnlsau in  is o lit io n  t h l , so t o f roouXts o io  obvi^jus ly very 
Busptict but thkèy proviik* tbo la s t  point oo gro{>h 10 fkoo lA ich
I t  w ill be seen th  t  they faun a con sisten t extension  o f the 
reoaining r e su lts .
I t  w ill a lso  bu noted in  mioceeding ceotiono o f th is  
work tbrit two etagbo of recovery ore soaotines involved and i t  
is  p o ssib le , for oxai%ile, that tho points for 20 and 26 minutes 
in  F ig . 9 may be offeoted  by the .^ ooohd stage of reoovery in  
audition  to  the oth jr faotors conoerning raeaourofaont disouosed  
above.
-66-
The method was uaed f i r s t  on the recovery a f te r  4*2# 
e lo n g a tio n , as i t  appeared to  have a reasonable amount o f an p litu d e  
dependant in te rn a l  f r i c t io n  w ith a su ita b le  r a te  of recovery#
Recovery was measured a f te r  deform ation a t  20, 42*5 and 5 9 ^  
and the r e s u l ts  are  shown in  graphs 11, 12 and 13. I t  can be 
seen th a t  apparen tly  two stages of recovery are  a c tiv e . The f i r s t  
s tage  occurred during the  f i r s t  15 minutes or th e reab o u ts , and as 
on]y a few p o in ts  were obtained in  th i s  range, the second was 
p lo t te d . The data obtained fo r th i s  second stage may be 
summarised in  Table I .
Table I  -  Copper 4*2# E longation 
®C. "K IWX) R R log[T** ^  ]
20 293 3 '41 44*1 0*00426 0*0116 0*51 -0*29
42*5 315 3*18 46*1 0*0216 0*05 2*3 0*36
59 332 3*02 48*0 0*168 0*156 7*8 0*88
The valuoe o f log  [T * Rj were p lo t te d  a ^ i n s t  1/T  in  graph (14) 
and the a c tiv a tio n  energy fo r the process c a lcu la ted  as 2 0 OSKcals/raole• 
As the appara tus could now be used to  o b ta in  r e s u l t s  a t  
some speed i t  was f e l t  th a t  an attem pt should be made to  measure th e  
a c tiv a tio n  energy fo r the f i r s t  stage of the recovery . The 
specimen could be p laced in  the apparatus two minutes a f te r  
deform ation and a bout a fu r th e r  one minute was req u ired  to  fin d  
i t s  resonant frequency, and i f  necessary a d ju s t the specimen.
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Measur erne n ts  could then  be made a t  the r a te  of one c o n ç le te ^ £  
and AH measurement every two m inutee.
The specimens were elongated as before and measured 
a t  the same s t r a in  au ^ litu d es as above, i . e .  1*6 x 10 and 
3 X 10 a t  tem peratures of 5*0, 1 9 '4 , and 27*4^0. The
ra th e r  lower tem peratures used in  th i s  case were made necessary 
by the f a s te r  r a te  o f reoovery of the specimen in  th is  f i r s t  
s tag e .
The r e s u l t s  in  graphs 15, 16 and 17 are  much more 
s a tis fa o to ry  than the previous s e t  and show the l in e a r  recovery 
ra th e r  w ell. The data obtained may be summarised in  Table 2.
Table 2 -  Coppor 4*2# K longation Rapid Recovery
4"X 1000 B/2-303 R R log[X*’*R]
5*0 278 3*60 42*1 0-019 0-0437 1-84 0-265
19-4 292-4 3-43 43-8 0-035 0-0805 3-40 0-537
27-4 300-8 3-33 44-6 0-049 0-113 4-75 0-677
The values of log T '  R /J were p lo t te d  in  Graph ( l8 )  and gave an 
a c tiv a tio n  energy fo r the recovery process of 10*35 Kcala/m ole.
This r e s u l t  i s  comparable w ith 0*Hara*s r e s u l t  of 9*4 Kcals/mole 
fo r fa tig u ed  copper.
As the r e s u l t s  above were thought to  be f a i r l y  
s a t is f a c to ry , i t  was decided to  try  to  o b ta in  a c t iv a t io n  
energ ies fo r recovery a f te r  raoie and le s s  e longation . The 
previous r e s u l t s  on ex tension  o f 3 and 5*5# weie thought to  be
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u n s a ti  s f  actor y owing to  the measuring: s tre s s e s  used and i t  was 
decided to  rep ea t the e n tire  estim ations* The m a te ria l was
elongated as before and measured a t  s tre s se s  of 9*5 x 10 and
.6 .3 X 10 • The 3# elongation  was measured a t  5*6, 17*8 and 27*2^ 
and i s  shown in  graphs 19, 20 and 21. The r e s u l t s  while not 
e n t i r e ly  s a t is fa c to ry  are adequate fo r the purpose req u ired  and 
the  data obtained i s  shown in  Table 3.
Table 3 -  Copper 3# Rlonf?ation
% 1000 R/i-3/5 R %T ^R log[X ^R]
5*6 278*6 3* 59 42*5 0*014 0* 0232 1*38 0-14
17*8 290*8 3*44 43*8 0*024 0* 0552 2* 93 0-38
27*2 300*2 3*33 44*6 0*036 0* 0828 3*69 0-57
These r e s u l ts  p lo tte d  in  Graph 22 give an a c tiv a tio n  energy fo r the 
p rocess of 11*55 Kcals/mole.
The m a te ria l elongated 5*5# was measured a t  0 , 5*6 and 
17*2% and i s  shown in  Graphs 23 , 24 and 25* The r e s u l t s  a re  
much le s s  s a tis fa c to ry  than before but again  the g rad ien ts  of the 
l in e s  were deduced and the r e s u l t s  are shown in  Table 4 .
Table 4 -  Copper elongated 5*5#
Ik* ^% “K 1000 R/t-JOJ R T R log  [X Rj
0 273 3-66 42-0 0-015 8-0345 1-46 0-161
5-6 278-2 3-59 42-2 0-017 0-039 1-72 0-236
17-2 290-2 3-45 43-8 0-0285 0-0656 2-8 0-462
These re s u l ts  p lo tte d  in  Graph 26 give the  a c tiv a tio n  energy fo r the 
process as 9*4 Kcals/mole.
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As can bo seen from the graphs ^ the r e s u l t s  f t  cm the 
abo\e exporimonto are not as s a t is fa c to ry  as could have been 
hoped. However i t  i s  f e l t  th a t  the a c tiv a tio n  energ ies obtained 
a re  a t  le a s t  of the co rrec t o rder. No a t te n p t was made to  
measure the slower recovery of the j"edogkl^stage.
I t  i s  of some in te re s t  to  note th a t  the r a te s  of recovery  ( li ) 
a t  conparative tem peratures are  higher fo r  the 5*5# e lo n g atio n . This
i s  as would have b en esq^ccted from  the theory  i f  the number of 
p o in t d efec ts  was higher as indeed i t  must be.
(2) Quenchina Experiments
fkom the above r e s u l t s  i t  appeared th a t  the a c tiv a tio n  
energy \me co n tro lled  e i th e r  by the d is lo c a tio n  d en s ity  or th e  
p o in t defec t concen tra tion , perhaps even both. I t  was decided 
to  quench the m etal from near the  m elting p o in t which ohouid 
in troduce p o in t defec to w ithout apprec iab ly  allow ing the d is lo c a tio n  
d en s ity . The quenched-in p o in t d e fec ts  would d if fu se  to  the 
d is lo c a tio n  l in e s  ex ac tly  as the d e fec ts  prociuced by deform ation 
had done in  ühe previous e^q^eriments.
The m a te ria l was cu t 1%) 10 c.m. len g th  and annealed in  
argon atlD 20% for tw n ty  minutes before quenchinj^; in to  water a t  
room tem perature. As mentioned above the shock o f the  f a l l  
was reduced by g lass wool in  the quenching tank. The s t r a in
-9 -7auqjlitudes of measurement used were 1* 6 x 10 and 9* 5 x 10 
read ings being taken a t  18, 23*3 and 45% . The r e s u l t s  are
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shown in  Graphs 27, 28 and 29, and are  f a i r l y  s a t is f a c to ry .  The 
data  in  Table 5 were deduced fo r the f i r s t  stage of tho recovery.
% °K 1000 R R lo g  [T ^
18 291 3*433 44*0 0*0448 1*97 0 2 9 5
23*3 296* 3 3*37 44*1 0*064 2-84 0 4 5 3
45 316 3*4 46*1 0*167 7*75 08JI
From graph No. 30 the a c tiv a tio n  energy fo r the f i r s t
stage in  the recovery was found to  be 12*2 Kcals/m ole.
The above r e s u l t /  rep re se n ts  a f h i r l y  low concen tra tion  
of both d is lo c a tio n s  and p o in t d e fe c ts . To cocq)lete the range 
i t  was thought th a t  i f  the d is lo c a tio n  concen tra tions could be 
kept about the same as the 4*2# elongated  specimens while the 
vacancy concen tra tion  was increased  some in te re s t in g  conclusions 
might be drawn.
In  order to  achieve t l i is  the specimens wore quenched 
15 c.m. in  len g th  and allowed to  age fo r 24 hours a t  room tem perature. 
This re su lte d  in  the vacancies and o ther p o in t d efec ts  being 
a ttached  to  the d is lo c a tio n  l in e s .  An e longation  o f 4*8# w?is 
then applied  ahd t j ^  speciimeh measured as before . This i t  was 
hoped would r e s u l t  in  an increased  vacancy concen tra tion  while the 
d is lo c a tio n  d en sity  renained about the same as in  sinç)le elongation .
Measurements were f i r s t  made a t  s t r a in  am plitudes of 
-6 -69* 5 X 10 and 3 k 10 and a reasonably  s a t is f a c to ry  s e t  of 
r e s u l t s  were ob ta ined , when an ELlowance was made fo r the  instrum ent 
errcffs mentioned above, Graphs 31 -  34.
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JBHowever i t  ivas l a te r  found th a t  the s t r a in  o n ç litu d e  of 9*5 x 10
was ju s t  above tho c r i t i c a l  s t r e s s  and the specimen was am plitude 
dependent. The se r ie s  was repea ted  using  a s t r a in  am plitude of 
1*6 X 10 fo r the independant in te rn a l  fk ic tio n  Graphs 35 -  37. 
As the f i r s t  s e t  of r e s u lts  appear to  have been only s l ig h t ly  in
e rro r
Table
the data  from both so ts  of 
6 -  CoDDjr pouched 1020*^0
extensions i s  shown 
aionaated  4*2#
in  Table 6.
xlOOO T R T a  
S tra in  Amplitude 1*6 x 10"®
log  [T
19*9 292*2 3*42 44*0 0*0606 3*00 0* 58
46 313 3*2 46*0 0*126 5*8 0*76
55*5 328*5 3*02 47*2 0*32 1*51-eS tra in  Amplituue 9* 5 x 10
1*178
16*7 289*2 3*45 43*5 0*0736 3*2 0*507
29 302 3*31 45* 0 0*11 6*95 0*695
42 315 3*18 46* 0 0*119 5*481 0*74
53*5 326*5 3*06 47*0 0*129 6*07 0*783
These r e s u l t s  were a l l  p lo t te d  on Graph (38) and gave 
the a c tiv a tio n  energy fo r tho process as 5*5 K cals/m ole. While 
th i s  r e s u l t  i s  very d if fe re n t from the previous ones th e re  can be 
l i t t l e  doubt tlia t i t  ic  co rre c t because of the good agreomènt of 
the seven r e s u l t s  shown.
R]
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D lsüusslon
The above r e s u l t s  appear to  f a l l  in to  two groups.
The f i r s t  stage of recovery gives an a c tiv a tio n  energy o f about h a lf  
th a t  fo r tho second and slower s tag e . The f i r s t  stage which 
was most in te n s iv e ly  in v es tig a ted  has an a c tiv a tio n  energy which 
appears to  be dependant on the s e v e r ity  of deform ation p r io r  to  
measurement. The r e s u l t s  are group ed in  order of working in  
Table 7.
Table 7
(1) Quenched 1040% Q = 12*2 Kcals/mole
(2) 3# e longation  Q = 11*55 Kcals/mole
(3) 4*2# elongation  Q = 10*35 Kcals/mole
y  V ®(4 ) Fatigue 10 cyc les a t  > 10,680 l b / i n  Q = 9*82 Kcals/mole (0*Hora )
( 5) 5*5# e longation  Q a  9*4 Kcals/mole
(6) Quenched 1040% -  4# elongation  Q = 5*5 Kcals/mole
From th is  ta b le  i t  i s  c le a r  th a t  the a c tiv a tio n  energy fo r  the  
process does in  f a c t  decrease w ith the s e v e r ity  of working as 
had been p red ic ted  from the previous r e s u l t s .
The d is p a r i ty  in  the r e s u l t  fo r the long term recovery 
of the 4*2# elongation  in d ic a te s  th a t  a d if fe re n t  p rocess ia  
opera ting  in  th a t  p a r t  o f the spectrum. The a c tiv a tio n  energy 
o f 20 Kcals/mole (0*87 e .v . ) i s  very close to  the value o f 0*82 e .v . 
in  the  l i t e r a tu r e  fo r the movement of vacancies and th i s  i s  strong
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proof th a t  the slower s ta  in  the recovery i s  due to  sing le  
vacancies..
The f i r s t  and f a s te r  recovery p ro cess , having a c tiv a tio n
energ ies Ikom 0  53 -  0*25 e .v . ,  in d ic a te s  the moveraent of
d ivacancies whldh from the l i t e r a tu r e  are  expected to  move w ith
an a c tiv a tio n  energy of about 0*60 e .v . However, the above
60r e s u l t s  are  c lo se r to  the estiinated values of B a r t le t t  Liens
39than  the r e s u l t  of Kimura and Maddin mentioned above. Manhfelt 
showed th a t  in  copper a f te r  7 -  10# elongation  two recovery 
p rocesses of a c tiv a tio n  en e rg ies , 0*20 and 0*88 e .v . ,  were o p e ra tit* . 
Those r e s u l ts  are  very close to  those found in  th is  in v e s tig a tio n .
The r e s u l t s  obtained by e l e c t r i c a l  r e s i s t i v i t y  measurements 
o f KJjnura dnd Maddin 8ho\/od two stages in  the decay a f te r  quenching 
noble m etals. When the m etal was quenched from above 850^0 a 
la rg e  p a r t  of the recovery would be due to  d ivacancies. Quenched 
from below 850^0 most of the recovery was due to  s in g le  vacancies.
Two types of p o in t d e fec t sinks were postu lated#
(1) D islocation  networks
(2) Formation of s e s s i le  d is lo c a tio n  r in g s  (m ainly by
divacaucies)
I t  i s  in te re s tin g  to  note th£it when a 0*25 mu. wire was quenched 
from 1030% the a c tiv a tio n  energy was 0*6 2 0*05 e .v . ,  while a 
0*64 mm. wire gave 0*72 ♦ 0*10 e .v . N a tu ra lly , the th ic k e r  
wire su ffered  the le s s  severe quench and th u s , i t  a lso  appears 
in  these  r e s u lts  tiia t the a c tiv a tio n  energy i s  reduced by an
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in crease  in  the number of p o in t d e fec ts .
As mentioned in  the in tro d u c tio n , as the m a te ria l i s  
heated the concentration  of d ivacancies increases* However, 
i t  appears th a t  on quenching fkom the higher tenç)erature, even 
more of the defec ts are  ratiujfned in  tho form of d ivacancies than  
would be expected.
From the r e s u l t s  obtained in  th is  In v e s tig a tio n  and those 
o f Manhfeld, th e re  i s  l i t t l e  doubt t i ia t  d ivacancies are  a lso  
p resen t a f te r  mechanical deform ation. I t  i s  thought th a t  
a f te r  both quenching and te n s i le  deform ation the recovery 
process is  la rg e ly  s im ila r.
A fte r e i th e r  quenching or deform ation, a high concen tra tion  
of fre e  vacancies and divacancies e x is ts  in  the  l a t t i c e .  Those 
p o in t defec ts w ill  d iffu se  to  the d is lo c a tio n s  to  form s e s s i le  d is ­
lo c a tio n  rin g s  or co llapsed  vacaiicy c lu s te r s .  As the divacancies 
w il l  d iffu se  ra th e r  f a s te r  than the s in g le  vacancies, i t  i s  
fe a s ib le  th a t  the f i r s t  stage in  the recovery i s  due to  the 
divacaiicies. A fter a time th is  recovery w ill  give way to  the 
sloifer single vacancy recovery stage as the supply of d ivacancies 
becomes exhausted. The t r a n s i t io n  between the two recovery 
stag es w ill  probably be q u ite  conçlex due to  the a l te r a t io n  of 
the d iffu s io n  cond itions.
Ik ora the r e s u l t s  quoted above i t  appears th a t  the 
a c tiv a tio n  energy fo r divacancy movement i s  decreased as the 
p o in t defec t concen tra tion  in c rease s . While in  tho l i t e r a tu r e
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thore  Is  not a g rea t deal of r e l ia b le  d a ta , what l i t t l e  e x is ts  
ie  not inconç>atible v/ith tho data obtained here. Ü* Kara* s 
fa tig u e  r e s u l t  seems to  in d ica te  th a t  the fa tig u e  ua;iage he 
in trouuced  was equ ivalen t to  t h i t  in troduced  by 4 -  5# 
elongation . This p e rs is tan ce  of d ivacancies a f te r  fa tig u e  i s  
r a th e r  strange in  view of the speed w ith which they d if fu s e .
I t  might have been expected th a t  excess d ivacancies would have 
continuously d iffu sed  to  the d is lo c a tio n  l in e s  during fa tig u e . 
However, there  can be l i t t l e  doubt of th e ir  ex istence  from the 
a c tiv a tio n  energy obtained.
The r e s u l t s  obtained from the quenching experim ents 
were only p a r t i a l ly  s a t is fa c to ry . With the r a th e r  la rg e  specimens 
(3/16** d ia .)  used the r a te  of cooling  would not be very g rea t.
I t  would, fo r exanq)le, be le r s  severe than  moct of the quenches 
used by other workers. I t  must be remembered th a t  the quench 
would be most severe a t  the surface o f the specimen. The su rface , 
i t  w il l  be remembered, i s  the  p a r t  of the specimen most s ig n if ic a n t  
in  measurement in  the F o rste r appara tus. The quenching process 
must then be taken , from both the r a te  of recovery and the a c tiv a tio n  
energy obtained , to  have been the le a s t  severe of tho processes used.
The queuehed-aged-elongated specimens are  thought to  be 
somewhat d if fe re n t .  lOien the m etal was quenched the usua l 
divacancy and vacancy ageing would take p lace . The p o in t
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defec ts  would e ith e r  go to  the d is lo c a tio n s  or form s e s s i le
rings* A fter tw enty-four hours a t  room ten p era tu re  equilib rium
conditions would be approached. Subsequent deform ation would
re le a se  the vacancies and divacancies Ikom the d is lo c a tio n  l in e s
and a lso  sivrwep the m a teria l free  of the s e s s i le  r in g s . The
process was sliown to  hold in  aluminium by Washburn . Immediately
a f te r  deformation the d is lo ca tio n  density  would be about the same
as in  sinp le  elongation  but w ith a much higher vacancy concen tra tion .
The recovery w ill  then proceed as above. The a c t iv a t io n  energy
obtained i s  very low conpared w ith the o ther r e s u l t s  above but
i s  w ell Bvqjported by experim ental d a ta . I t  i s  as w ell in
th i s  case to  examine the  p o s s ib i l i ty  th a t  tho recovery here i s
duo not simply to  divacancy movement but to  some o ther mechanism.
The a c tiv a tio n  energy obtained i s  close to  th a t  fo r i n t e r s t i t i a l
60movement given by Huntington . However, as i t  was c a lcu la te d  
61by b e itz  th a t  the form ation of an i n t e r s t i t i a l  atom in  copper 
req u ired  25 e v , th is  e ^ la n a t io n  i s  ra th e r  u n lik e ly . Another 
p o s s ib i l i ty  i s  the movement of defec ts  along the d is lo c a tio n  
l in e s  but th is  i s  thought to  proceed q u ite  quiclcly and might w ell 
have a lower a c tiv a tio n  energy than th a t  obtained here .
In conclusion i t  can bo sa id  th a t  th e re  are  two stages 
in  the  recovery. The f i r s t  i s  probably due to  d ivacancies and 
the secona to  sing le  vacancies. The a c tu a l  values o f a c tiv a tio n  
energ ies obtained are only f a i r ly  close to  thoce in  the  l i t e r a tu r e  
but as i t  appears th a t  the value i s  dependant in  some way upon
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the co n cea tra tlo n  o f p o in t d e fec ts  th i s  i s  not su rp ris in g .
I t  should be remembered th a t  superimposed in  the divacancy 
measurement was the normal vacancy recovery and as no attem pt 
was made to  separa te  these  the r e s u l t  obtained i s  not an 
ai^solute measurment of d ivacancies. However, i t  i s  q u ite  
c lo se  to  the a c tu a l  value as the vacancy recovery i s  q u ite  
slow and i t  i s  comparable w ith tho o ther r e s u l t s  mentioned 
vdiere no sep a ra tio n  was done e i th e r .
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The Rocovery of In te rn a l f r i c t io n  in  Aluminium a f te r  Deformation
Follovdng the experimonts on copper a s im ila r  s e t  of 
measurements \/ere made in  aluminium. The m etal was obtained 
in  th roe grades* 99*8^ a l* ,  09^9/î a l .  and one of b e t te r  than 
99*999'/ a l .  The 99*8 and 99*99/raetals were in  the form of 
3 /16” d ia . ro d , and the  higher p u r ity  grade was 3/16” square 
b ar. The m a te ria l was am ealed  a t  550 C fo r 1 .1 /2  hours under 
vacuum. This r e s u lte d  in  a mean g ra in  s iz e  of g rea te r  than 
0*5 ra.m., which wîis sui’f ic ie n t ly  la rg e  to  avoid the g ra in  
thorm oelastic  re la x a tio n  peak a t  the frequency ured (2100 c / s ) .  
This ra th e r  la rge  g ra in  s iz e  was a lso  la rg e  enough to  reduce 
vacancy lo ss  to  the g ra in  boundaries to  an accepta ole va lue .
The specimens were annealed on alumina plaques in  the furnace 
p rev iously  described .
As before , the specimens were annealed in  15 cm. leng ths 
and cut to  10 cm. a f in e  saw a f te r  deform ation. I t  was shown 
experim entally  th a t  the  clamping and sawing of th e  si^ecimens 
did not s ig n if ic a n t ly  a l t e r  th e ir  in te rn a l  f r i c t io n  Arom tlie 
annealed s ta te .  The apparatus and te  clinique fo r  deform ation was 
used ex ac tly  as before. U nfortunately the te n s i le  machine was 
such th a t  the load req u ired  (0*o3T) rep resen ted  only a very sm all 
p a r t  o t tho P .Ü .  „o of
-79-
Ho o ther su ita b le  machine was a v a ila b le . A se r ie s  of experim ents 
were c a rr ie d  out in  order to  determine the optimum elongation  
fa r  recovery raeasuromorts and i t  was decided th a t  4% elongation  was the 
most su ita b le  and a lso  the advantage of being comparable w ith 
the  r e s u l t s  obtained in  copper. However, the load  req u ired  fo r 
th i s  e longation  was only about one ton  per square inch and corresponded 
to  only 0*U3 tons s t r e s s  Arom tho te n s i le  machine. For th i s  reason 
i t  was f e l t  th a t  the elongation  could not bo u se fu lly  a l te r e d  as 
any measurable change in  the ap p lied  s t r e s s  would produce too  la rg e  
a v a r ia tio n  in  the elongatiob*
Prelim inary expo-riments a lso  showed th a t tho 99*8^ p u r ity  
aluminium was u nsu itab le  fo r th is  work. I t  was found th a t  even 
in  bho annealed s ta te  no s ig n if ic a n t amount of am plitude dependant 
in te rn a l  f r ic t io n  could be measured. C lea rly , Lhe reason  fo r th i s  
was th a t  the sm all percentage of inqpuAity in  the m etal was s u f f ic ie n t  
to  p in  the d is lo c a tio n  loops and prevent them v ib ra tin g .
Experim ental he s u its
( l )  99*4^ P u rity  Aluminium*
aThe specimens were elongated 4 /  by a s t r e s s  o f 1*06 T /in
in  the apparatus described  p rev iously . Measurements were made a t
.8  -6maxinn.m s t r a in  an p litudes of 9* 5 x 10 an^ 3 x 10 &t tenç>eratures 
o f 2*2, 14*4 and 33*3% and the r e s u l t s  a re  shown in  graphs Nos. 39,
-80-
40 and 41. I t  can be seen from the graphs th a t  a t  tho lower 
tenç)eratui’e only i s  the recovery a steady process crrer the f u l l  90 
minUuGS recorded. At the two higher tem peratures i t  can be seen 
thfit the i n i t i a l  recovery process gives way a f te r  a t in e  to  a 
slower r a te  of recovery. I t  i s  o f some in te r e s t  to  note th a t  the 
time req u ired  fo r th i s  t r a n s i t io n  became le s s  as the teiiporature 
of uhe esqporiment was ra is e d .
The a c tu a l esq^erimental r e s u l t s  show, as was the case 
w ith the previous r e s u l t s ,  tho s h ü 't  in  the p o in ts  as the o s c i l la to r  
range wis changed resu lting / in  the appearance of a s e t  of p a r a l le l  
l in e s  r a th e r  than a sin g le  recovery l in o . The r e s u l t s  shown in  
the above graphs gave tho follow ing data#
Table 6 -  99*99/ Aluminiuip 4 /  Elongaticm 
“C "K ^10 0 0  T h  i^ü.303 R R log  R]
2 .2  275*2 3*68 42*1 0*0396 0*049 3*74 0*573
14*4 287 3*48 43*2 0*081 0*180 7*75 0*89
33*3 306 3*26 45*2 0*163 0*376 17*0 1*246
Those r e s u l t s  Arom Graph Io. 42 gave the a c tiv a tio n  energy 
fo r the p rocess as 13*35 Kcals/mole. The second and slower stage 
in  the recovery process did  not y ie ld  an a c tiv a tio n  energy from the 
above r e s u l t s  and i t  i s  th o u jh t th a t  i t  i r  not a tru e  d if fu s io n  
p rocess.
- a i-
(2 ) 99*999/  Pu rity  Aluminium.
These specimens were 3/16" rec tan g u la r bars and were 
elongated 4 /  by a  s tr e s s  of 0*852 T /in  . This lower s t r e s s  
in d ic a te s  the purer and s o f te r  na tu re  of th is  m a te r ia l as 
compared w ith the previous one. Another in d ic a tio n  of the  
h igher p u r ity  i s  seen in  ühe recovery graphs, Wos. 42, 43 and 44, 
whore the am plitude dependant dançjing i s  higher than in  tho 
previous r e s u l t s .  While tho in fluence of the e r ro rs  due to  
frequency v a r ia tio n s  in  the o s c i l la t io n  are  s t i l l  p re sen t they are 
much le s s  se rio u s due to  the higher in te rn a l  f r i c t io n .
As before, tho continuous r a te  of recovery was only 
found in  the lower tem perature. In  the higher tem peratures
a f te r  a time the f a s t  recovery gives way to  a slower r a te .
-e .6Moasurements were made a t  s tr a in s  of 9* 5 x 10 and 3 x 10
and are given in  T ajle  9.
Table 0 -  99* 999/ Aluminium 4 /  Extension
% |x l0 0 p T*) f^2* 303 R T ^ R lo g  [T ^ R]
-5* 6 267*6 3*74 41*1 0*043 O' 099 4*06 0* 609
2*2 275*2 3*64 42*0 0*080 0*154 7*74 0*859
13*3 286 3*5 43*1 0*152 0*35 15*1 1*179
PTora graph Ho. 45 the a c tiv a tio n  energy of 14*0 Kcals/mole.
- 8 2 "
(3) I t  had boon hoped to  obtain  a d d itio n a l data  from 
m ate ria l which liad been quenched from near i t s  m olting p o in t.
However i t  was found thzit a f te r  quenching the am plitude dependant 
in te rn a l  f r ic t io n  w s  very sm all and could not be used to  ob ta in  
recovery data. This is  very sim ila r to  the r e s u l t s  obtained by
vrLevy and Mets^er who showed complete am plitude indépendance a f te r  
a water quench in  a lu  linium. For th is  reason i t  was decided 
to  s t r a in  the m etal a f te r  i t  had been f u l ly  quench aged.
The specimen 99*99/ p u r ity  aluminium, 15 cm. in  
le n g th , was suspended in  a v e r t ic a l  furnace a t  570% fo r 30 
minutes in  an argon atmosphere. Tho suspension wire was 
40 gauge nichrone and was a ttached  to  the specimen by a simple 
s l i p  knot. quenching was achieved by dropping the specimen 
in to  water a t  rocxn ten p era tu re . The specimen was allowed to  
age fo r 24 hours a t  room terrperature and then  elongated 4 /
8in  the same manner as before. The s t r e s s  req u ired  was 1*08 T /in  
and the specimen was then cu t to  10 cm. in  the u su a l way.
—eMeasurements were made a t  s t r a in  am plitudes of 9*5 k 10 
-6and 9*5 X 10 in  order to  ob ta in  a reasonable amount of o rp litu d e  
dependant in te rn a l  f r ic t io n .  Tho r e s u l t s  a re  shown in  Graphs No.46, 
47 and 48. The ra th e r lower anp litude  dependant p a r t  o f the 
in te rn a l  f r ic t io n  has made the apparatus e r ro rs  r a th e r  obvioug 
but the data  in  Table 10 was deduced.
—83—
Table 10 -  99* 99/ P u rity  Aluminium Quenched 570% E lonw ted  4 /
% . L io o o ^ .— - - V  ^ ^ 2* 303 R I  i  R [log  T ^  R]
-6*7 266 3*78 41*2 0* 0161 0*0373 1*52 0*183
-1*1 272 3*68 41*9 0*0217 0*05 2*09 0*320
13*3 286 3*5 43*1 U* 05 0*115 4* 96 0*696
This from Graph IIo. 49 gives the a c tiv a tio n energy fo r the process
a t  13*6 Kcals/mole. In other rep seo ts  these  r e s u l t s  seem 
very sim ilar to  the two previous s e ts  obtained.
Discussièü^ '
The r e s u l t s  obtained aré  in  good agreement w ith those 
obtained by Foderghi by e le c u r ic a l r e s i s t i v i t y  and S ilcox  and Whelan 
by e lec tro n  microscopy on quenched m a te ria l. There seems to  be 
no doubt th a t  the recovery measured i s  due to  the m igration  o f 
s in g le  vacancies. The a c tiv a tio n  energy farmed i s  id e n tic a l
w ith th a t  e j e c t e d  fo r the movement (Em) of vacancies in  aluminium. 
This does not n ecessa rify  preclude the presence of d ivacancies in  
the m a teria l a f te r  deformation but i t  seems th a t  they would have 
fu l ly  decayed before moasuiements were s ta r te d . As about four 
minutes were req u ired  before any measuremaits could bo made i t  seems 
qu ite  probable th a t  the divacancies formed could liave f u l ly  condensed 
on to  the d is lo c a tio n  l in e s  in  t l i is  tim e.
A p o ssib le  e3q:>lariation for the  d ev ia tio n  from l in e a r i ty  
o f the graphs may be found in  the presence of vacancy c lu s te r s  or
-34-
s e s s l le  d is lo ca tio n  loops. A fter deform ation some of the excess 
vacancies axe condensed to  form otô. elm  te *  oi' sessi&e d is lo c a tio n  
loops* This can a c t as a sink fo r vacancies and i t  i s  of some 
in te r e s t  to  note th a t  i t  in c reases in  capturim% e ff ic ie n c y  as i t  
grows la rg e r .
Federinghi showed th a t  a t  about 170"^ G a second stage
occurred in  the recovery of e l e c t r i c i a l  r e s i s t i v i t y  and d ilcox  and 
V)Whelan showed tlia t U iis was probably aue to  the m igration  of the 
vacancy c lu s te r s .  I t  was c a lc u la te d  th a t  the m igration of tho 
c lu s te r s  re su lte d  in  the generation  of vacancies. I t  seems po, s ib le  
th a t  some movement of th is  type i s  p o ss ib le  a t  much lo i^ r  tem peratures 
than 170% , indeed from Fodringhl* s paper i t  seems th a t  i t  may occur 
a t  50 '0 . Thus i t  appe-’Ts th a t  the form ation of the vacancy 
c lu s te r  could reduce the r a te  of xecovery of in te rn a l  f r ic t io n  by 
removing the vacancies from the l a t t i c e  and th i s  w il l  be a ra th e r  
complex e f fe c t  oifing to  the increase  in  s iz e  of the sink  as more 
vacancies are cap tured . A second e f f e c t  may be tho m igration  of 
the c lu s te r s  which i s  thought to  lead  to  the lo ss  of vacancies 
to  the l a t t i c e  ana some of these would presumably reach  tlie 
d is lo c a tio n  l in e s .
The recovery of aluminium a f te r  deform ation i s  then 
v isu a lise d  as fo llow s. A fter deformation a high concen tra tion  of 
vacancies w ill  bo A*ee in  the l a t t i c e .  These w il l  i f  the 
tem p'-ratuie i s  high enough (above -30% ) d iffu se  e i th e r  to  the
-3 5 -
d is lo c a tio n  network or condense to  form vacancy c lu s te r s  or s e s s i le  
d is lo c a tio n  r in g s . The vacancies wliich reach  the network d is lo c a tio n s
reduce the in te rn a l f r i c t io n  and lead  to  the increased  recovery.
I f  the c lu s te rs  m igrate, i t  seems probable tlia t a fu r th e r  sloi,fer 
r a te  of recovery w ill be due to  the vacancies produced in  th is  way.
A fter quvnch ageing and thon elongating  a  somewhat 
d if fe re n t  process occurs. The quench r e s u l t s  in  a high concen tra tion  
o f vacancies which e ith e r  coalesce to  c lu s te r s  or d if fu se  to  tho 
d is lo c a tio n  l in e s .  Subsequent deformation was shown by Vandervoort
and Washburn to  remove these c lu s te r s .  I t  seems probable th a t the 
d is lo c a tio n  d en sity  w il l  be very sim ilar to  th a t  of the  previous 
specimens but th?it the vacancy concen tra tion  w ill  be increased .
The recovery i s  then thought to  proceed as before.
The a c tiv a tio n  energy obtained fo r tho process of 0* 58 
2  0*Ü25 ev i s  in  very good agreement with both r e s u l t s  of quenching 
and t ia c e r  methods. I t  seems quite c e r ta in  th a t  the  recovery i s  due 
p u re ly  to  vacancy movement. No divaoancy movement has been noted 
but i t  i s  not suggested th a t none e x is ts .  As a divacancy is  
expected to  mo.o w ith about one h a lf  the energy fo r a s in g le  vacancy, 
i t  w il l  have condensed before measurements could be s ta r te d . The 
of divacancies i s  in a ica ted  by the f a c t  th a t  no amplitude 
dependant in te rn a l  f r ic t io n  could be found a f te r  quenchin^;. As a 
quench woulu bo very p r o l i f ic  in  producing d ivncancics i t  could bo 
expected to  haxden the m etal very quicldy.
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ConcluciODS#
The a c tiv a tio n  energy fo r tho movement of a vacancy in  
aluminium a t  near i s  O 58 ♦ Ü* 025 ev which i s  in  agreement
w ith previous r e s u l t s .  I t  appeîirs th a t  w ith in  the ranges used 
vacancy and in p u rity  concen tra tion  do not no ticeab ly  a l t e r  the 
value of Em.
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fbp X foct of Jefogryition On Tilckal
From the previoue roeuXts I t  appears th a t  while In  
aluminium the a o tiv a tio n  energy fo r  vacancy ü if fu sio n  i s  constan t 
in  copper i t  varieo  os a fu n c tio n  of deform ation. I t  i s  thus
d es irab le  to  t e s t  a m etal in term ediate in  ch a rac te r between c o f ^ r  
and aluninium . I t  woe f e l t  th a t  ae copper was ch a ra c te rised  by 
a  low stocking  f a u l t  energy and aluminium by a high energy 
(20 ^  120 ov) i t  uoulci be in s tru c tiv e  to  use a m etal w ith  an 
in term ediate  stac^cin^: fU ult energy. The av a ilab le  F.C.C. m etal 
was n ickel lA ich was tliought to  have a s tack ing  f a u l t  energy of 
75 ov. However re c e n tly  Seoger has c a s t  eome doubt on th is  
value and tha s i tu a t io n  i s  a t  p resen t ra th e r  obscure. Tbs r e s u l t  
obtained  for the stack in g  f h u l t  energy Sdomo to  depend on the 
method used fo r i t s  detorminr t lo n .
Xho m ate ria l was sur>]'lisd. by the î4ond lic k e l C o., L td .,
in  tb )  form o f 3/lG** d ia . r'vd^of unknown p u r ity . The i n i t i a l
msoourononts on ani^ealed m a te ria l were r a th e r  in te re s t in g ,
the in te rn a l  f r ic t io n  was remarkably high and alm ost ào p litu d e
- 8independent. The in te rn a l  A rlo tion  was about 7 -  8 z  10 
even a t  very low an;)litude though n a tu ra lly  not much v u r ia tio n  
o f airplitude could bo obtained w ith a specimen of so high an 
in te rn a l  A  lo tio n .
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Very high in te rn a l f r ic t io n  which i s  mainly am plitude 
indépendant can in d ica te  e ith e r  ( l )  a very pure (alm ost th e o re t ic a l ly  
pure m etal) vAiich would ex h ib it th i s  behaviour from the Granato 
and Luke equation^ or (2) a m a teria l which contained a la rg e  
volume of cracks.
l.hen a l i t t l e  cold work was app lied  to  a ^ec im en  i t  was 
found th a t  i t s  in te rn a l f r ic t io n  was reduced to  l / 6 t h  o f i t s  o r ig in a l 
value a t  once and to  l/38th  a f te r  24 hours. This in d ic a ted  th a t  
the m etal was qu ite  pure o r ig in a lly . However, the s i tu a t io n  was 
confused by the f a c t  th a t  very o ften  in te r  yanu lar f a i lu r e  was 
obser\’ed in  specimens even before treatm ent. The conclusion  
reached was th a t the m etal being vary pure was su scep tib le  to  
contam ination and was e b r i t t l e d  a t  the g rain  bound/iries. E ffo rts  
were made to  determine the exact nature of any conta *iination but were 
q u ite  unsuccessfu l. I t  was suggested by the m anufacturers th a t  
sulphur was the most probable cause oi th is  type of em brittlem ent.
The m etal was softened in  lengths of about one fo o t a t  
5U0% under \’?icuum and then s tra ig h ten ed . I t  was then cu t to  leng th  
and annealed unoer high vicuum a t  12lX)^G fo r 1 .1 /2  hours. This 
re s u lte d  in  the la rg e  grain  size requ ired  for th is  work.
( l )  Recovery a f te r  Elongation
The specimens i^ re  annealjd  as above in  15cm. leng ths 
and s tre s se d  in  the apparatus p rev iously  described . experiment
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i t  wae fouriu t h i t  the most u se fu l recovery moasurements could be
maae a f te r  3% elongation  which was equ ivalen t to  a s tr e s s  of 
89*05 Tons/in .
“9Measurements were made a t  s tre s s e s  of 1*6 x 10 
and 3 X 10 exactly  as described previously* The r e s u l t s  are  
shown in  Graphs 50, 51 and 52. I t  can be seen th a t  two recovery 
processes are active» the f i r s t ,  as befo re , i s  the f a s t e r ,  giving 
way a f te r  a time to  the second. I t  can be seen th a t  as the 
te  lite ra tu re  was increased the siio rter became the du ra tion  of the 
f i r s t  stage. The r e s u lts  are  by no means s a t is f a c to ry ,  -but I t  
was possib le  to  obtain the follow ing data fo r the two stag es .
X ^ 0 0 0 T R/ 2* 303 R T ^ R log  [T ^
F i r s t Stage »
18*3 291*3 3*435 44 O' 0205 O' 0472 2*08 0*318
37*8 310*5 3*215 45*8 0*393 0*905 4*15 0*418
52 325 3*07 47*1 0"0590 0*1355 6*38 0*805
Second Stage
18*3 291*3 3*435 44 0*0013 0*00312 0*137 -0* 88
37*8 310*5 3*215 45*8 0*00525 0*0122 0*506 -0*296
52 325 3*07 47*1 O' 0119 0*0275 1*3 +0*114
These r e s u l ts  p lo tte d  in  Graph 53 gave the a c tiv a tio n  energ ies as
9*15 Kcals/mole fo r oho f i r s t  stage and 18*3 Kcals/raole fo r  the 
second.
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(2) Recovery a f te r  la tig u e
The specimens were 15 cm long and annealed as before* 
The fa tig u e  machine was an Amsler High frequency VibrophO#e 
in  push-pu ll s tre s s in g . A s e r ie s  of p relim inary  e3q)erlments to
determine the most su itab le  s tr e s s  fo r these experiments were made.
s 6Eventually  a s tr e s s  of ♦ 0*453 T /in  which gave a l i f e  of 2*8 x 10
0cy c les . The ^ecim ens were fa tig u e d  to  2*5 x 10 c y c le s , th a t  i s  
about l / lO th  of th e i r  l i f e  measurement. As the speed of 
the fa tig u e  machine was about 5500 o /s  the fa tig u e  process 
req u ired  a bout 45 minutes.
I t  was found th a t  a sm all p o s itiv e  b ias was necessary 
in  the s tr e s s  a t  the commencement of the fa tig u e  run . This b ias 
h id  however disappeared by the end of the t e s t .  A number of 
premature f a i lu re s  were found. Ther.e were e i th e r  due to  a 
f a u lty  anneal or more probably the metal was contaminated when 
received . f re sh ly  annealed m ate ria l proved qu ite  s a tis fa c to ry .
As before the specimens were cu t to  10 cm. a f te r  fa tig u e  and 
measured.
The r e s u l t s  are  shown in  Graphs 54 , 55 , 56 and 57 
and there  appears to  be only one recovery process a c tiv e . The 
r e s u l t s  show l i t t l e  sc a tte r  and the follow ing ta b le  was obtained»
-91 -
Tablc 12 - IIIcke l  i ntigued
"0 ‘"K ÿclOOO t S H/2*3U3 R T^ R log[T-^ R]
16*7 289*7 3*45 44*0 0* 0008 O' 0O184 0" 084 -1*080
44*5 317*5 3*15 46*2 0* 00525 0*0121 0*557 -0*354
58*5 331*5 3*02 47'7 0*01075 0* 0167 0*795 -0*10
70 343 2* 97 49*0 0*01385 0* 0318 1* 565 +0*195
These re s u l ts  Arom Graph 58 gave the a c tiv a tio n  energy fo r the
process as 15*3 Kcals/molei
(3) J(ecovery a f te r  Uueriching
The apparatus used was the vacuum quenching u n it  p rev iously  
described . As quite a high quenching tem perature was req u ired  a 
p latinum  wound furnace was req u ired . The vacuum obtained was not 
p«*irticularly goq^d as the m u llite  furnace tube used was m lig h tly
—4 rporous a t  1400^^0 and was of the order of 5 x 10 ra.m.
Owing to  the la rg e  weight of the specimens and the sm all volume 
of o i l  the quench obtained was not p a r t ic u la r ly  severe.
I t  was found th a t quenching from 1400*^0 d id  not give 
enough recovery fo r measurement by th i s  method and i t  was decided 
to  quench from 1410^^0.
The r e s u l t s ,  shown in  Graphs 59, 60 and 6 1 ,are  ra th e r  
s c a tte re d  and u n sa tis fac to ry  but the fo llow ing r e s u l t s  were 
ob ta ined  fo r two stages of recovery»
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Table1 13 -  HicjBll -  WGnclied from 1410^0
ixiooo T% H/2*303 R T*R lo g  [T Î
Fac t r a te  of recovery
17-2 290*2 3*45 43*6 0*0177 0*0317 1*38 0*14
35*0 308 3*24 45*2 0*280 0*064 2*87 0*458
51*0 324 3*08 47*1 0*0435 0*10 4*71 0*673
dlow raoe of recovery
17*2 290*2 3*45 43*6 0*000625 0*0010 0* 0613 -1*02
35*0 306 3*24 45*2 0*0050 0*010 0*572 -0*242
51*0 324 3*08 47*1 0*0142 0*0328 1* 55 +0*1779
fTom Graph 61 the ac tiv a tio n  energ ies fo r  tlio process are
lü 'ü  Kcals/mole fo r the f a s t  process and 20*2 Kcals/mole fo r the
slower.
I t  had been hopeo to  ob ta in  a  s e t  of recovery r e s u l t s  
£roa quench aged and elongated specimens^however, i t  was found 
on s tre s s in g  th a t  the g rain  boundaries opened up. This was 
probably due to  the a ttack  of the specimen during annealing  by 
the o i l  vapour from che quenching medium. However as  th i s  could 
not e a s ily  be prevented,no fu rth e r  experiments were c a rr ie d  out 
on n ick e l.
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Dlscusoion
I t  i s  qu ite c lear Aom the r e s u l t s  obtained t h i t  two 
processes are a c tiv e . There can be l i t t l e  doubt th a t  the 
values obtained re fe r  to  vacancy and divacancy movement. The 
a c tu a l  values obtained on e lo n g atio n  and quenching are  qu ite  
c lo se  to  the value given by Nicholas ( 0  98 ov) fo r a sing le  
vacancy. There seems Aom the r e s u l t s  obtained th a t  thu a c tiv a tio n  
energy obtained i s  lowered ay the se v e r ity  of deform ation.
The value obtained a f te r  fa tig u e  i s  ra th e r  hard to  
understand. I t  appears to  re fe r  to  the movement of sing le  
vacancies only. îTon the recovery graphs i t  seems th a t  th e re  
i s  l i t t l e  i f  any divacancy movement. I t  might p o ss ib ly  be 
expected t h i t  the divacancies produced during the f a t i  ^le would condense 
to  the d is lo c a tio n  lin e s  as the fa tig u e  continued. However Aom 
the r e s u l ts  of 0* Ilnra th is  does no t appear to  happen. I t  may in  
f a c t  be the case th a t the r e s u l t  obtained r e fe r s  to  divacanqy 
recovery in  which case i t  would be ra th e r  h i  h \fhen compared w ith 
the o th e rs .
With the exception of the fa tig u e  r e s u l t  i t  would seem 
th a t  as a n tic ip a te d  the dependtince of Em on the vacancy concen tra tion  
l i e s  roughly between the e f fe c t  in  copper and aluninium .
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Üolf D iffusion in  S ilv er
I t  WciB thought d es irab le  th a t  the behaviour e x h i b i t e d ^  in
the low stack ing  f a u l t  energy m etal be checked on another m etal of
sim ila r stacking f a u l t  energy. S ilv  r  was the most su ita b le  m etal 
av a ilab le  but owing to  the expense involved, i t  was decided to  
ca rry  out only quenching experim ents.
Kim ura e t  a l  showed th n t two p o ssib le  types of recovery
ore possib le  in  noble m etals. I f  the m etal i s  quenched Arom
below 800% most of the observed recovery was due to  s in g le  
vacancies. I f  hoi/ever the m etal ims quenched from above 800% 
then  most of the observed recovery was due to  divacancy m igration . 
I t  was a lso  shoim, th a t  the form ation of vacancy c lu s te r s  provided 
a sink fo r the quenched in  p o in t d e fec ts .
In veiw of the la rg e r  diam eter of the specimens used in  
those experiments and the consequent ra th e r  milder quench the 
quenching ternpcraturo s usad were 810% and 910%. The two 
tem peratures chosen should p ro /id e  both a range of vacancy concent­
ra tio n s  and divacancies when quenched from the upper te  lite ra tu re .
The m a te ria l used Johnson liathey f in e  s i l v e r , supplied 
as 3/16** diameter rod. This was cu t to  10 cm. leng ths and 
annealed a t  ?00'''(J fo r 3 hours under vacuum. The specimens were 
quenched ftom an argon atmosphere in to  water a f te r  soaking a t  the
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qusnching tem perature for one hour. The quenching medium used was 
water a t  room te n t (-rature and a g la ss  wool cushion was used to  
reduce the shock of the impact.
(a) uuenched from 810%
The s i lv e r  was quenched as described  above and measurements 
made a t  tem peratures of -1*1, 4*4, and 15% , the r e s u l t s  being 
shown in  graphs 62, 63 and 64. While the r e s u l t s  obtained are  
only moderately s a t is fa c to ry , i t  i s  ev ident th a t  only one recovery 
process i s  a c tiv e . The r e s u l t s  are  summarised in  Table 14.
Table 14 -  S ilv er quenched from 810%
OQ ^  1 X 10Ü0 j S  H/2-303 a  K log[T*> RJ
15 238 3*475 43*6 0*0252 0*058 2*53 0*43
4*4 277*2 - 3*65 42*2 0*00866 0*0199 0*84 -  0*075
•1*1 272 3*72 41*8 0*00653 0*0153 0*642 -  0*1925
When there  r e s u l t s  were p lo tte d  on Graph Ho. 65 the a c tiv a tio n  
energy fo r the process was found to  be 16*6 Kcals/m ole.
(b) uuenched from 910^0
The proceduie was the same as above and the recovery 
measurements made a t  the same tenq^erature. The r e s u l t s  shown in  
Graphs 66, 67 and 68 show two rocovery p rocesses. The data obtained 
i s  shown in  Table 15.
—96—
-K T X 1000 t 'S R/2" 303 R T^ R log  [ t5 R]
Short Time Recovery
15 288 3*475 43*6 0- 052 0*119 5*22 0*718
14*4 277*2 3*65 42*2 0*0315 0*0726 3*07 0*482
-1*1 272 3*72 41*8 0*0282 0*066 2*72 0*442
honfi Time Recovery
15 288 3*475 43*6 0* 0163 0*0375 1*69 0*218
14*4 277*2 3*65 42*2 0*0127 0* 0291 1*23 0* 09
-1*1 272 3*72 41*8 0* 00466 0*0175 0*45 -0* 3468
From Graph 69 the a c tiv a tio n  energ ies fo r the two p rocesses were 
found to  be
(1) Short time recovery Q = 7*82 Kcals/mole
(2) Long time recovery Q = 14*5 Kcals/mole
Discussion %
The re s u lts  obtained above are of the c o rre c t order of 
magnitude and i t  appears th a t the recovery a f te r  the SIO'^C quench 
i s  due to  the movement of s ing le  vacancies* The quenching 
temperature of 910% gave two s tag es of recovery , the f i r s t  of 
which i s  almost c e rta in ly  due to  the movement of divacancies* The
second stage may with confidence be ascribed  to  s in g le  vacancies* 
The r e la t iv e  values of the a c tiv a tio n  energ ies for these two 
processes are about co rrec t as the a c tiv a tio n  energy fo r divacancy 
movement should be ab iu t lia lf th a t  fo r  vacancy movement.
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Whlle the r e s u l ts  from quenching from 81U% were not 
e n t ire ly  s a t is f a c to ry , the a c tiv a tio n  energy fo r the process i s  
cerlx iin ly  g rea te r tiuin 14*5 Kcals/mole. I t  woulu appear th a t  
the a c tiv a tio n  energy i s  reduced oy a more severe quench. However, 
i t  w il l  be seen from Tables 14 and 15 th a t  the corresponding 
values of R fo r  the higher quenching tem perature are  lower in d ic a tin g  
th a t  the vacancy concentration  was lower. A p o rs ib le  explanation 
of th i s  i s  found in  Kimura* s work where i t  i s  suggested th a t  the 
p o in t defec ts a re  re ta in ed  mainly as divacancies a f te r  the high 
tem perature quench.
I t  woulu seen, th e re fo re , th a t  the reduction  in  a c tiv a tio n  
energy found is  a function  of the to ta l  number of p o in t defec ts  
r a th e r  than the concentration  of any one species. I t  i s  of 
some in te r e s t  to  note th a t the nigh concen tration  of divacancies 
reduced the value of Em for sing le  vacancies even though they 
had condensed on to  the d is lo ca tio n  l in e s .  I t  might then be 
th a t  the value of Em was connected w ith the l a t t i c e  s t r a in .
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A nalysis of J i f  fusion  lie s u i ts
In the experim ental work described above a se le c tio n  of 
F.G.C. metals iiave been examined and a number of d if fe re n t  e f fe c ts  
i l l u s t r a te d .
In copper the a c tiv a tio n  energy obtained a f t e r  A% e longation
(20*1 Kcols mole) could bo re la te d  w ith confidence to  the movement
of single vacancies. This value of 20*1 K c a l s /mole i s  c lose  to
but ra th e r  lower than other reported  v a lues. The reason for th is
low value w ill  become c lea r l a t e r .  I t  was a lso  shoim th a t
another recovery process wns ac tiv e  w ith an a c tiv a tio n  energy of
about h a lf  the above f ig u re . This in d ic a te s  th a t  the  process was
due to  the movement of divacancies vriiich are thought to  move w ith
about th is  energy.
From the se rie s  of r e s u l t s  shown in  Table ^ i t  appears th a t
the value obtained for the a c tiv a tio n  energy i s  lowered by the
in creasin g  se v e rity  of process used. I t  woulu a lso  appear th a t
th i s  reduction  in  a c tiv a tio n  energy i s  a fu n c tio n  of p o in t d e fec t
concentration  ra th e r  than of d is lo c a tio n  d en s ity .
As prev iously  s ta te d  the value o f 5*5 Kcals/mole obtained
in  the quench-aged-elongated specimen seems ra th e r  out of p lace .
60The value i s  close to  the 0*25 ev estim ated  by Huntington fo r 
the movement of a copper i n t e r s t i t i a l ^  .However, as i t  req u ires
634 ev to  form an i n t e r s t i t i a l  atom in  copper compared to
"99"
681*3 ev to  form a divacancy, i t  i s  d i f f i c u l t  to  imagine a process
64where a high concentration  of i n t e r s t i t i a l s  i s  form ed. C o t tr e l l  
has i l l u s t r a te d  th a t  screw-screw in te r s t i ces w ill  probably 
r e s u l t  in  the production of i n t e r s t i t i a l s .  As th is  e f f e c t  was 
only noted when a f u l ly  quench aged specimen was e longated , i t  
xfould appear th a t  the heavily jogged d is lo c a tio n  l in e s  have a 
co n tro llin g  function  i f  in  f a c t  in te rs e c t io n s  are produced. The 
other possib le  p rocess, i . e .  the movement of jog  segments 
alon  g the d is lo ca tio n  lin e s  does not seem very reasonab le .
Indeed i t  would appe/u* th a t only rearrangem ent of jogs on a 
d is lo c a tio n  l in e  woulu r e s u l t  in  an increase  in  in te rn a l  f r ic t io n .  
Thus while no firm  explanation can be given fo r th i s  p ro cess , i t  
may p o ss io ly  be due to  the movement of i n t e r s t i t i a l  atoms 
produced by a ra th e r  unusurl process as a r e s u l t  o f p r io r  
quenching.
I t  can be sa id  however th a t  the decrease in  a c tiv a tio n  
energy p red ic ted  f^om the prélim inai y work was in  f a c t  su b s tan tia te d  
over a f a i r  range of deform ations.
The r e s u l t s  obtained with quenched s i lv e r  showed th a t  
the Eka value fo r  sing le vacancies was a f fe c te d  the  concen tra tion
of p o in t d e fec ts . Eirom these r e s u l t s  i t  appeared th a t  the 
reduction  in  dm was occasioned by the t o t a l  co n cen tra tio n  of p o in t
- lü ü -
dofocts and no t by any sp e c if ic  sp ec ies . Again, a fu r th e r  type
of recovery was noted and a t tr ib u te d  to  d ivacancies.
N ickel y ie lded  two r e s u l t s  fo r both vacancy and
divacancy recovery . While the red u ctio n  in  Ekn was p re se n t a
rough conpnrison w ith the values obtained fo r copper and s i lv e r
in d ica ted  th a t  i t  was lo ss  in  n ick e l fo r  a s im ila r change in
deform ation. The value of the a c tiv a tio n  energy a f t e r  fa tig ae
seems to  be out of sequence and cannot be explained a t  p re se n t.
The a c tu a l values obtained are  qu ite  c lose  to  the value given 
66by Nicholas (0*98 ev). In th i s  re sp e c t n ic k e l d i f f e r s
from the o ther me ta lc  used in  th a t  the value of Km i s  le s s  than
h a lf  the value o f iùgl (a c tiv a tio n  energy fo r  s e l f  d if fu s io n ) ,
66vdiich i s  about 2*7 ev .
The aluminium used gave r e s u l t s  which were in  very 
good agreement w ith those obtained by e ther methods. While 
only two stages of deformation were p o ss ib le  i t  appeîurs th a t  
w ith in  the l im its  of experim ental e r ro r  no s ig n if ic a n t cliange in  Em 
occurred. There i s  no doubt th a t the value obtained r e fe r s  to  
the movement o f s ing le  vacancies.
I t  now remains to  f in d  an exp lanation  why th ese  four 
ra th e r  similzur m etals chould behave in  those ra th e r  d if f e re n t  
ways. The only s ig n if ic a n t d iffe ren ce  between the  m etals l i e s  
in  ühe s tren g th  of atomic binding and th i s  may be r a t io n a l is e d  
in  terms of the Sviacking f a u l t  energy The values of idiich
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fo r the m etals used are»
8(1) S ilver = 25 ergs/cm
8(2) Copper =3 40 ergs/cm
a( 3) Nickel = 120 erjs/cm
8(4 ) Aluminium =s 200 ergs/cm
I t  would now appear th a t  the red u c tio n  in  Km fo r both 
vacancies and divacancies i s  co n tro lled  in  some way by the  value 
of the stack ing  f a u l t  energy. S ilv er and copper showed a qu ite  
marked reduction  in  Khi w ith in c reasin g  p o in t d e fec t co n cen tra tio n . 
N ickel showed a somewkit reduced e f f e c t  and no s ig n if ic a n t  decrease 
was noted in  aluminium.
The most s ig n if ic a n t e f f e c t  of the s ta ck in  ; f a u l t  energy 
in  th i s  type of process i s  the c o n tro l i t  ex o rc ises over the 
s iz e  of d is lo ca tio n  p i le  ups. In  a m etal of low s tack in g  f a u l t  
energy the p ^ ir tia l d is lo c a tia n s  a re  widely sep a ra ted , cross s l ip  
i s  d i f f i c u l t  and la rg e  d is lo c a tio n  p ile  u jy are  p o ss ib le . On 
the other hand, a high stacking  f a u l t  enor'^y means the p a r t i a l  
d is lo ca tio n s  are  not g rea tly  separated  and c ro s s - s l ip  i s  qu ite  
easy. This prevents the b u ild  up of d is lo c a tio n  ag a in s t a 
b a r r ie r .
The e f fe c t  of the widely separated  p a r t i a l  d is lo ca tio n s  
and la rg e  areas of d is lo ca tio n s  concen tra tions i s  to  provide 
a path  of s tra in e d  l a t t i c e  in  which the p o in t d e fec ts  can d iffu se  
r e la t iv e ly  e a s i ly .  A high concen tra tion  of p o in t d e fec ts  w ill
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co n trib u te  to  the l^it^ice s t r a in  and tend to  make d if fu s io n  
ra tlie r  e a s ie r . I t  scene l ik e ly  th a t  d ivacancies w il l  be more 
e f fe c tiv e  in  th i s  re sp e c t timn sing le  vacancies.
In a m etal of high stac^d.ng f a u l t  energy th e re  w ill  
be few areas of s tra in e d  l a t t i c e  in  wliich easy d if fu s io n  is  
p o ss ib le .
I t  i s  d i f f i c u l t  to  fu l ly  assess  the  s ig n ific an c e  of th e  
data  obtained here as the a is lo c a tio n s  which co n trib u te  to  the 
in te rn a l  f r ic t io n  may not be the same as those governing the 
mechanical p ro p e rtie s  of the m etal. I t  i s  true  th a t  the 
in te rn a l  f r ic t io n  of a m etal i s  g re a tly  in fluenced  by fa c to rs  
which seem scarece ly  to  a f f e c t  o ther mechanical p ro p e r tie s . In 
t l i is  re sp e c t the measurements made here are very s im ila r  to  
data  obtained by e l e c t r i c a l  r e s i s t i v i t y  measurements. When 
p o in t defec t ageing proceeds in  a m etal th e re  i s  no doubt th a t  
the modulus of e l a s t i c i t y  of the m a te ria l i s  ra is e d . This i s  
in d ica ted  by a steady increase  in  the resonan t frequency o f the 
specii’ien. The y ie ld  s tren g th  and hardness o f the m a te r ia l w ill  
a lso  increase to  a  very lim ited  ex ten t but i t  i s  l ik e ly  th a t  these  
changes w ill be d i i f i c u l t  to  measure. Useful data  igc obtained 
on tiie d if fe re n t species of p o in t d e fec t produced by various 
kinds of deform ations. This and the nature of th e  recovery 
process i s  u se fu l in  unuorstanding the l a t e r  s tag es in  deform ation 
lead ing  up to  A racture. However, i t  seems u n lik e ly  th a t  any 
very much more extensive deform ations could be employed w ith 
the  method used here .
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The experim ents described in  the previous sec tio n s 
have led  to  the follow ing p ic tu re  o f th e  recovery of .a  m etal 
a f t e r  deform ation. Immediately a f te r  deform ation or quenching 
a la rg e  non-equilibrium  number o f p o in t d e fec ts  e x is ts  in  the 
l a t t i c e .  These p o in t d e fec ts  then m igrate to  the sinks 
a v a ila b le  which may be e i th e r  d is lo c a tio n  l in e s ,  g ra in  boundaries, 
or i^ee  su rfaces . Each species of p o in t d e fec t has i t s  own 
d i s t in c t  a c tiv a tio n  energy fo r movement and these have been shown 
to  bo about tho values e;q)ectod. A p o in t of some in te r e s t  i s  
the la rg e  p roportion  of the recovery which i s  a t t r ib u ta b le  to  
divacancieo^ even a f te r  quenching tho number of d ivacancies 
re ta in e d  was fa r  g rea te r than  could have been expected.
The form ation of vacancy c lu s te r s  or s e s s i le  d is lo c a tio n  
r in g s  by condensation of p o in t d e fec ts  was in d ic a ted . This type 
of sink  is  r a th e r  complex in  a c tio n  owing to  the f a c t  th a t  i t  
expands as more vacancies condense on i t  and becomes a more p o ten t 
s in k .
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Tbo .ufl-dct of Int^rwU uxlOnUjffl <» CflPiwg A llw
ïbo a llo y s  lused In these ex; orim ents ivore#
Coprojr ^2%  G lllco n , ooppor \^Z% aluminium, ooppor @* 2}( 
roagneuium. and coppor Olô)» titan ium .
Tho f i r s t  two a l lq /8  were sui^pliod by Ileserc . Thomao 
D olton, L td ., and tho remnining two nade in  tho deportm ent.
The qiecimeno were in  rod form 3/16** d in iio ter ana c u t to  10 cm. 
le  :g th . Those wore given a pro lim inory  vncui^m anneal a t  950% 
fo r  2 houre to  onoure un ifarm ity  o f g ra in  c ia e ,  e c t .  Xho 
ir .to rn n l ox idation  was c a rr ie d  out uoing tbu cupious oxide/cupper 
powiier method in  an in e r t  nrgon ntmoeplxsre. Tho 8|)Ooimeno 
wore ou;sported on a  pcruuo re f ra c to ry  plaque which wno lycoved 
to p rev en t apecinon rao*/ociont» Thio pl/icpie wae p laced  above 
SOgan. of the mixture of 50 meoh ooppiur powder and 200 mo eh 
ciqx’ouis oxide powder in  a copper ooi ta in o r . Oho end o f the 
co n ta in e r woe porm nontly  cloeeii by a  coj^per dioc and the o ther 
covered by a oo]>pQr f o i l  ceq? which wae w ired in  place#
This con ta in er was lieated in  a oloeed end reAracto&y 
tube in  a fVirnace i,yound to  have a  long even ho t gone. Tho 
ftirnooe tube woe evacuated and f i l l e d  w ith  argon to  a  a l ig h t  
p o s it iv e  procnure. This preai-ure was cljeckod from  time to  
tiî%  and nry lo s s  made good from an argon oy liîidor.
Tha tino  requ ired  fo r in te rn a l  o x id itio n  coulu be 
c a lc u la te d  Arom tho ocpations and d a ta  given by hhinee and i t
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wns decided to  check th is  data by d e lib e ra te ly  Incom pletely 
in te rn a lly  oxid ising  sane specimens and comparing Lhe ca lcu la ted  and 
measured depths of p en e tra tio n  of the oxidation  f ro n t .  This 
\ja8 done by oxid ising  for 100 hours a t  910% and the r e s u l t s  a re  
as follows»
Copper 0*2,« Üi^ Nppth of p en e tra tio n  1*5 m.m.
C alculated dppth 1*8 m.m.
Copper cK2/» A l, depth of p e n e tra tio n  2*2 m.m.
C alculated depth 1*9 m.m.
The Le r e s u l t s  are  f a i r ly  s a t is f a c to ry  and in d ica te  th a t  the 
d a ta  given by Rhines i s  qui^e re l ia b le -  In the case of 
tho aluminium a llo y  i t  seems l ik e ly  th a t  some of tho so lu te  was 
a lready  combined w ith oxygen in  tho m etal and th i s  reduced i t s  
e f fe c tiv e  concentration  allow ing tho g rea te r depth of p en e tra tio n .
Gonplete ox idation  was c a rr ie d  out a t  960% fo r 100 hours 
which was ca lcu la ted  to  th a  be more than  s u f f ic ie n t  fo r complete 
QQcicUition in  any of the a llo y s  used.
I t  i s  convenient to  consider sep ara te ly  the s i l ic o n  and 
aluminium a llq y s . Those were ox id ised  as described  above.
Pure Ü.F.H.C. copper specimens wore p laced  in  the con tainer fo r 
coiîç>aricon. The specimens were measured before anu a f te r  
in te rn a l  oxidation  and then annealed in  vacuum a t  1020% fo r 
24 hours to  remove oxygen d isso lved  in  the  m etal and 
leasured 'l The r e s u l ts  are  shown in  Graphs 70, 71 and 72.
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The puie copper chows marked am plitude ciepencence in  
the unoxidised s ta te .  A fter being sa tu ra te d  w ith oxygen tlie 
anç)litude dépendance was markedly reduced in u ic a tin g  th a t  the 
coygen in  the mo t i l  was p re se n t to  sotrte ex ten t on the d is lo c a tio n  
l in e s .  A fter another vacuum anneal the anpliuude dépendance 
re tu rn ed  p a r t ia l ly .  Tliis in d ic a te s  th a t  before the f i r s t  
measurement the specimen had been s l ig h t ly  s tra in e d  by handling.
In the unoxidised s ta te  the  copper s i l ic o n  a llq y  was 
ccSç)leteiy am plituue independent as might bo expected. A fter 
in te rn n l oxidation  tho in te rn a l  f r i c t io n  ims very high indeed 
and was reduced on annealing  but was s t i l l  g rea te r  than  pure 
copper.
The copper aluminium a llo y  showed a s im ila r  e f f e c t  
but on a ra th e r  sm aller sca le . However i t  should bo noted 
th a t  the in  oar m il f r ic t io n  a f te r  annealing  was reduced was le s s  
than  was the case w ith the s i l ic o n  a l lo y .
The copper magnesium and copper titan ium  a llo y s  
were un fo rtuna te ly  much le s s  s a t is f a c to ry .  Tho a llo y s  prepared 
contained a groat deal of p o ro s ity  and oxide in c lu s io n s  and the 
analysés given do not rep re se n t the tru e  cond ition  o f the 
a l lo y .
The average behaviour of the  specimens was as 
shown in  Table 15.
-107-
i'able I s  -
Copper 2% Ifagneoium 
O rig in a lly
A fter in te rn a l  oxidation  
A fte r anneal 
Copper 1* b% Titanium 
O rig in a lly
A fter in te rn a l  oxidation  
A fte r anneal
8In te rn a l E v ic tio n  x 10 
Low Amplitude High Anç)litude
0*5
1*02
0*65
0*57
1*12
0*65
0*79
1*80
1*24
0*74
2*20
1*22
I t  w ill  be seen th a t  the specimens were s l ig h t ly  am plitude 
dependent before in te rn a l  ox idation  in d ic a tin g  th a t  most of the 
a llo y in g  element was precont as oxide in c lu s io n s . However, the 
same general e f f e c t  on in te rn a l f r i c t io n  was observed.
In  order to  compare the r e s u l t s  obtained a f t e r  the 
an^ieal i t  was decided to  d ivide the A  H p o rtio n  of the in te rn a l  
f r i c t io n  a f te r  annealing by the  6  H p o rtio n  a f te r  in te rn a l  
ox idation ( i . e .  before annealing) I t  was f e l t  th a t  po ssib ly  
the red u ctio n  in  in te rn a l  f r ic t io n  would bo r e la te d  to  the
thermodynamic s t a b i l i t y  of the ox id i p r e c ip i ta te .  For th is  
reason  the appro::ima%)e A-dd vzilues fo r oxide form ation a t  
1000% ore given w ith the in te rn a l f r i c t io n  values.
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A H a f t e r  anneal 
Allqy A C&ooo^^(Kcal&) A H before anneal
CopiDer s i l ic o n  -155 0*24
Copper titan ium  -160 0* 31
Copper aluminium -200 0*36
Copper magnesium -220 0*77
from th i s  l i s t  i t  i s  c lear th a t  the reduction  in  in te rn a l  f r i c t io n  
i s  connected w ith tlie s t a b i l i ty  of th e  oxide p re c ip ita ted *  The 
most probable explanation i s  th a t  the oxide p re c ip i ta te  decomposes 
under vacuum a t  high tonpora tu re , the oxygen leav ing  th e  system 
and the a llo y in g  element being rodieoolved in  the copper. This 
does n o t, on f i r s t  examination considering  the thermodynamic data  
above, seen very probable but i t  must be remembered th a t  in  th i s  
system any oxygon evolved may be removed* This w i l l  allow  
the decomposition of the oxide to  proceed even a g a in s t tho thermodynamic 
b a r r ie r .  I t  i s  thought th a t  the mechanism of decomposition i s  
MÜ f  M + 0 ♦ Cub » CUuOf 
The oxide i s  in  thermodynamic equ ilib rium  w ith  sa lu te  and oxygen in  
the  m etal. Some oxygen i s  lo s t  from the surface of the specimen 
e i th e r  as free  oxygen or more probable as Cu^O which is  reasonably  
v o la t i le  a t  1U00%. The energy o f form ation o f GÜ^ O w ill  a id  
the  reac tio n  by reducing the thermodynamic b a r r ie r .  Once the
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oxygen i s  f re e  o f the surface of the specimen i t  i s  pimped away 
and lo s t  to  the system. This allow s the oxiue to  deconpose 
slow ly byt s te a d ily . The r a te  of daconposition w il l  n a tu ra lly  
bo dependent upon the s t a b i l i ty  of the oxide and th i s  i s  confirmed 
by the experim ental r e s u l t s .
A p o in t of seme inportance i s  the  f a c t  th a t  a f te r  in te rn a l  
ox idation  the damping in  tlie a llo y s  was higher tlian in  ju re  copper. 
Considering tlia t the m etal was loaded w ith oxygen th i s  in d ic a te s  
th a t  d is lo ca tio n s  were qu ite £Tee and suggests th a t  the p re c ip i ta te s  
had deformed the m etal on cooling . There i s  l i t t l e  doubt th a t  
the  oxide p a r t ic le s  formed in  the  la t t i ic e  a t  1000% cause q u ite  
a considerab le  lo ca l s t r a in  in  the m etal on cooling due to  the 
q u ite  u if fe re n t c o e ff ic ie n ts  of therm al expansion of tho m etal 
and oxide. This r e s u l ts  in  a reas  o f lo c a l  s t r a in  round the p a r t ic le s  
wliich r a is e  the in te rn a l  f r ic t io n  by fkreeing the d is lo c a tio n s  in  
the  m etal.
The copper s i l ic o n  a l lo y  showed a more marked e f f e c t  and i t  seems 
p o ssib le  th a t th is  was due to  the ra th e r  ir re g u la r  co n tra c tio n  o f 
s i  Lie4) on cooling . T h e /3 -y  tr i^ y m ite  change causes a sudden 
shrinkage on cooling from 170%. This shrinkage w i l l  r e l ie v e  
the  compression round the p a ru ic le  and allov; an in c rease  in  in te rn a l  
f r i c t io n  in  the m etal. As the othdr oxides formed do not show
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t h i s  type of change th is  p a r t i  u la r  e f f e c t  i s  not found in  the 
o th er a llo y s . I t  should be remembered th a t  the shape of the 
p a r t ic le  w ill  a lso  be im;x)rtant in  the amount by which the 
in te rn a l  f r ic t io n  i s  ra ise d .
I t  might be thought th a t  the red u ctio n  in  in te rn a l  
f r i c t io n  on annealing  could be due simply to  the annealing  of 
these  areas of loc :il s t r e s s .  However, i t  must be remembered 
t l ia t  in  th is  case the p a r t ic le s  would s t i l l  be p re sen t in  the 
l a t t i c e  and would again s t r e s s  the m a te ria l on coo ling . In 
a iy  case no d iffe ren ce  should be found between d if fe re n t  a llo y  
system s.
Microscopic examination vjas c a rr ie d  out on the in te rn a lly  
ox id ised  m ateri^ 'l, Tho r e s u l t s  were la rg e ly  as expected and 
i t  was shown th a t  the p a r t ic le  s iz e  increased  towards the cen tre  
o f  th e  specimen. P re fe re n tia l  p ré c ip i ta t io n  took p lace  a t  the 
g ra in  boundaries. As the p re c ip i ta te s  were too  sm all to  be 
p ro p erly  reso lved  in  tho l ig h t  m icroscope, on e le c tro n  microscope 
wis used. The re p lic a  teclmiqu.e used was as follows»
1. A sm all p iece of perspex ( l ” x 1 /2" x 1/16") was washed 
in  warm soapy water followed by d i s t i l l e d  water and then  clamped 
on to  the surface to  be examined a t  a p ressu re  of a  few lb s .  per 
square inch.
2. Tlie specimenand perspex p la te  were placed  in  an oven
a t  120'i; fo r one hour. They were ollov/ed to  cool before cilanping.
3. A film  of carbon was evaporated on to  the perspex re p lic a
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in  high vacuum.
4 . A layer of n itro ce ilu lo ee  was spread over the su rface  to
p ro te c t  the trxiii carbon film  -  wliich formed the f in a l  r e p lic a  -  ftom
a 2/Î so lu tio n  in  anyl a c e ta te .
5. A specimen g rid  was placed over the area  of in te r e s t
using  the l ig h t  microscope to  lo c a te  any sp e c ia l fea tu re  in  the su rface .
A sm all d isc of paper was placed on top of the g r id , the  diam eter of 
the d isc  being slig h o ly  lo ss  than th a t  o f the g rid  so th a t  the rim 
o f  the l a t t e r  was c le a r .
6. A s tr ip  of gummed paper was then  stuck  on the e n t i r e  surface
o f  tn e  pexspex, covering the g rid  and holding everyth ing in  p o s itio n .
7 . The whole composite re p lic a  was p laced  overnight in
cl:ilO(roform^*  ^ Tlic persi)ex d isso lved away but the gum on the paper 
was inso lub le  in  chloroform and so held  the g rid  and carbon film  
in ta c t .
8 . The g rid  was re leased  f t  ora the brown paper and p laced
w ith carbon film  iç>permost in  aiqyl a c e ta te  (using  a wire mesh to  
su p p o rt). This removed the p ro te c tiv e  lay e r of n i tro c e llu lo s e .
9* The carbon re p lic a  was f in a l ly  shadow-cast w ith gold/palladium
before examination in  the e le c tro n  raicrosccpe.
This r e p lic a  was then examined in  a M etro-Vickers Era3 
in s t-  ument.
The s i l i c a  p a r t ic le s  wore shown to  be almost p e r fe c t ly  
sphero ida l. The alumina p a r t ic le s  were ir re g u la r  and ra th e r
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oiigulor anu were deposited alc»ig p re fe rre d  c ry s ta llo g rap h ic  p lanes 
à  p o in t of some in te re s t  was the ra th e r  p ec u lia r  growtlis of some 
of the s i l i c a  pai t i d e s  ia d ic i t in g  th a t  some décomposition had 
talcen place* The specimen fo r  th i s  examination was po lish ed
chem ically to  prevent surface d is to r t io n .  ' An attem pt was 
cyide to  use a bromine etch fo r d is lo c a tio n s , to  show f te e  
d is lo ca tio n s  perhaps in  loops round the p a r t ic le s  but the 
r e s u l t s  were ra th e r  inconclusive*
Conclusions»
The p a r t ic le s  deposited  on in te rn a l  oxidation  can be 
various shapes governed uy th e ir  chemical com position. The 
s iz e  of the p re c ip ita te  increases toward» the cen tre  o f the 
specimen. The r a te  of in te rn a l  ox ida tion  i s  very c lose  to  
th a t  p red ic ted  by lliin e s .
On cooling from the in te rn a l  ox idation  tençjerature 
the p a r t ic le s  s e t up s tre s s  in  the m ate ria l,d u e  to  the d if fe re n t  
c o e ff ic ie n ts  o f expansion of oxide and m etal, idiich f re e  the 
d is lo ca tio n s  round the p a r t ic le  and in c rease  the in te rn a l  
f ï i c t io n .  S il ic a  p a r t ic le s  ivere shovm to  have a more pronounced 
e f f e c t  and i t  i s  thought th a t  th i s  i s  due to  the sudden 
co n trac tio n  of s i l i c a  on cooling below 170% .
The oxide p re c ip ita te  on fu r th e r  vacuum annealing can 
deconpose with a consequent decrease in  dainping and a p o ss ib le  
mechanism fo r th is  wns discussed .
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D iffu sion  in  Iro n  
A# Movement of Vacancies.
I t  had been hoped to  o b ta in  d a ta  fo r  iro n  s im ila r  
to  th a t  fo r the  face cen tered  metals* The m etal used was 
Arnco iro n  which was supp lied  in  3/2** diam eter rod* These 
were drawn down to  0 1 6 9 "  by a  w ire drawing bench or r o l le d  
to  re c tan g u la r  specimen*
Some specimens were annealed a t  1200"^C fo r  two 
hours under vacuum and on measurement were found to  be s l ig h t ly  
a n ^ litu u e  dependent* Specimens 15 cm* in  le n g th  were then 
elongated  as p rev io u sly  d escrib ed  and measurements made a t  about 
room tem perature* However, i t  was found th a t  the in te rn a l  
f r i c t i o n  d id  no t decrease appreciably* As th e  a c t iv a t io n  
energy fo r  s e l f  d if fu s io n  (Sd) in  iro n  was known to  be o f the 
order o f 80 Kcals/m ole t h i s  d id  not seem unreasonable and the  
eaqDerinents were rep ea ted  u sin g  recovery  tem peratures o f 70"G, 
bu t they  were no more su ccessfu l th an  before*
On a fu r th e r  te n p e ra tu re  in c rease  i t  became c le a r  
th a t  the  a n e la s tic  peaks due to  carbon and n itro g e n  in  the 
m etal would cause an unduly h igh  background A l ,  in  th e  in te rn a l  
f r i c t i o n  re su lts*  In any case the  deform ation would probably 
f re e  the  i n t e r s t i t i a l  atoms idiose subsequent d if fu s io n  would
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ooofUce any vacancy recovery* For th o se  reaso n s I t  woe 
d eo lied  to  remove both  carbon and n itro g en  l^on  th e  m etal by 
à  wet hydrogen creatoont*
% drogen gas which had been bubbled obrough water 
a t  rooa terg)erat*ire was passed over the opeclnens a t  7Ui%*
The timo re q u ire d  fo r  c o i^ le te  d é c a rb u risa tio n  o f  a  3 / 1 ^  
specimen was estim ated  to  be about one week# A fte r  th i s  
tim e dry hydro-on was passed  fo r  an hour or so  to  remove 
n o is tu io  and ^  epecimons cooled under argon*
ijy ranking use o f  the  a n e la s t ic  pooka in  th e  m a te r ia l , 
th e  in te rn a l  f r i c t i o n  to c h n iq ^  I s  a  very  s e n s i t iv e  and c<xiveniont 
method o f a n a ly s is  fo r  carbon and n itro g en . The o r ig in a l  
speoimens were cooled frcra 16Q^v. and the  in te r n a l  f r i c t i o n  
measured as  the tenq)oratUfe f e l l  and i s  shown in  Qraph 73.
There i s  a pronounced but r a th e r  irrogulfur peak. This peak 
w i l l  be due to  th e  combined e f f e c t s  of carbon and n itro g e n .
Some o f the  i r r e g u la r i t i e s  on the curve a re  very probably  due 
to  temp ra tu re  f lu c tu f itio n s  and v a r ia t io n s  in  th e  bath# I t  
i s  alm ost impot s ib le  to  measure a c c u ra te ly  the  tem perature o f  thu 
i^oclmcn in  changing cond itiono  in  t h i s  ap p a ra tu s . A fte r  th e  
wet hydrogen trea tm en t th e  specimen was ag a in  te s te d  and the  
peak had d isappeared  in d ic a t in g  th a t  the Im p u ritie s  hod been 
su c c e ss fu lly  removed.
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The decarb u rised  specimens were e lohgated  as before 
and kep t in  an  alcLbol/CUig m ix ture a t  -  GO'^ C u n t i l  measurements 
could be made. However, i t  was found th a t  when th e  specimen 
was p laced  in  th e  ap p ara tu s  very l i t t l e  a n ^ litu d e  dependence 
rem ained. I t  ^ s  th u s  concluded th a t  a l l  th e  vacancy , 
recovery  had taken  p lace  a t  -  80*C. This d id  not a t  f i r s t  
seem very l ik e ly  but some in fo rm atio n  which became a v a ila b le  
as  t h i s  work was being c a r r ie d  ou t suggested  th a t  vacancies d if fu se d  
in  iro n  w ith  an a c t iv a t io n  energy of about 4 K cals/m ole. At
th i s  very  low value i t  i s  q u ite  p o ss ib le  t h i t  a l l  vhe recovery  
could have taken  p la ce  before  measurements were made even when 
s to re d  a t  -  80^C. The value of Em fo r vacancies i s  rem arkably 
low compared w ith  the  Ed value bu t i t  seems q u ite  probable th a t  
s e l f  d if fu s io n  i s  c a r r ie d  out m ainly by another p ro cess  than  
vacancy m ig ra tio n , perhaps a  fo u r r in g  d if fu s io n  mechanism.
I t  was decided to  proceed no fu r th e r  w ith  th i s  
in v e s t ig a t io n  as the  tem p era tu re  re q u ire d  were r a th e r  to o  low 
to  be p ra c t ic a b le .  However, i t  i s  q u ite  f e a s ib le  th a t  
measurements could bo made on t h i s  appara tus i f  one were 
p repared  to  work a t  l iq u id  a i r  tem pera tu res . Low tem perature 
work i s  made d i f f i c u l t  by f r o s t  forming on th e  specimen.
B. Movement of d itro g en
The i n i t i a l  measurements made on specimens co n ta in in g
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a  l i t t l e  carbon and n itro g en  hfid shown some recovery . This 
was presum ably due to  th e  movement o f carbon and n itro g e n  
atom s, f te e d  by the  d e fo rm itio n , to  the  d is lo c a t io n  l in e s .
T his suggested th a t  the  movement o f i n t e r s t i t i a l  atoms was 
l ik e ly  to  be very  s ig n i f ic a n t .  In  the  recovery  a f t e r  
deform ation i t  prob^ibly p lay s  a  s im ila r  ro le  to  the movement o f 
p o in t  d e fe c ts  in  f .C .C . m eta ls. For t h i s  reaso n  i t  was 
decided to  study the  movement o f n itro g en  by t h i s  ap%)aratU8.
Specimens were n i t r id e d  in  a h o r iz o n ta l fu rnace 
a t  600% fo r  one week. The gas m ixture used was 10^ 1% ♦ 9 0 ^ ^  
passed  w ith  a flow  r a t e  o f about 1 0 0 c .c ./m in u te . .T h is  was 
c a lc u la te d  to  be s u f f ic ie n t  to  s a tu ra te  the  specimens a t  the 
tem perature used . That i s  to  give a  n itro g en  co n c en tra tio n  o f 
0#1^ in  the iro n . N a tu ra lly  th e re  w il l  be a  co n c en tra tio n  
g ra d ie n t o f n itro g en  in  the  m eta l bu t i t  was hoped th a t  th is  
would no t be very  se r io u s . I t  was found th a t  th e  specimens 
would only absorb n itro g en  i f  th e i r  su rface s  were b r ig h t and i t  
was necessary  to  coo l them from the d eco rb u ris in g  tem perature 
under hydrogen.
A fte r  n i t r id in g  the  specimens were s to re d  in  an  
alcohol/COb m ix ture u n t i l  re q u ire d . They were then  vacuun 
annealed  a t  600^0 fo r  one hour in  the  v e r t i c a l  quenching furnace 
and quenched in to  o i l  a t  room tem peratu re . The vacuum
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anneal removed the d isso lv ed  hydrogen and d isso lv ed  the n itro g en  
in  the f e r r i t e .  The quench re ta in e d  the n itro g en  in  su p e rsa tu ra te d  
s o lu t io n  and i t  then  d iffu se d  to  the  ava .la b le  s in k s .
 ^ Morraaily t h i s  ageing of n itro g en  i s  follow ed lay measuring 
th e  decrease in  the a n e la s t ic  peak h e ig h t. The h e ig h t o f the  peak 
i s  thought to  be d i r e c t ly  p ro p o rtio n a l to  the q u an tity  of n itro g en  
in  s o lu t io n . This method has been w idely used but n a tu ra l ly  
i t  i s  by no means c e r ta in  th a t  the  n itro g en  leav in g  the f e r r i t e  i s  
condensing on the d is lo c a tio n  l in e s .  Exactly  s im ila r  r e s u l t s  
would be ob ta ined  i f  the n itro g en  reached any o ther s in k . The f a c t  
th a t  i t  can be shown th a t  the s in k  has about the same le n g th  as the 
d is lo c a tio n s  a re  es tim ated  to  h av e is  a r a th e r  em p irica l confirm ation .
I t  was decided to  a ttem p t to  c o r re la te  the d if fe re n t  
methods o f  determ ining the  a c t iv a t io n  energy fo r  n itro g e n  d if fu s io n  
w ith  measurements made d i r e c t ly  on the  d is lo c a t io n  l in e s .  This 
can b e s t be done by u sing  the d is lo c a t io n  in te rn a l  f r i c t i o n  methods 
p rev io u s ly  described .
( l )  Rate o f Decrease o f an  A n e lastic  Peak
A fte r quenching a  specimen was p laced  in  th e  appara tus 
w ith  the bath  a t  a  te n so ra tu re  of 106% and measured a t  a f a i r l y  
low s t r a in  am plitude o e r a  p e rio d  o f tim e. The tem perature of 
106% id iilo  no t e x a c tly  on the top  o f the n itro g e n  peak gave r e s u l t s  
which were p e r f e c t ly  r e p re s e n ta tiv e  of th e  peak beh.*wiour. The 
r e s u l t s  a re  shown in  Graph 74.&
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In  order to  see i f  the ageing follow ed Harper* s equation  
i t  was necessary  to  e x tra p o la te  th e  recovery  l in e  to  zero tim e 
to  o b ta in  an estim ate  of the o r ig in a l  n itro g en  co n c en tra tio n .
T his i s  q u ite  simply achieved by the  f a c t  th a t  the h e ig h t of the
peak i s  p ro p o rtio n a l to  the n itro g e n  in  a o lu tio n . From
Harper* s equation
log  ( 1 - q  ) ^  t  ^
where t  i s  time and Ÿ I s  the  f r a c t io n  o f the  n itro g e n  p re c ip ita te d .
Thus i f  th e  in te r n a l  f r i c t i o n  a t  time t  i s  d iv ided  
by the in te r n a l  f r i c t i o n  a t  tim e zero and p lo t te d  lo g a rith m ic a lly  
a g a in s t t ^  a  s t r a ig h t  l in e  should be ob ta ined . This was done 
in  Graph 75 and as can be seen a f a i r  tim e was ob tained  over most 
o f the re c o /e ry . T his in d ic a te s  th a t  Harper* s equation  holds 
tru e  even a t  ageing t e r r e r a tu r es a t  the r e la t iv e ly  h igh  te  ip e ra tu re  
o f 108% . The d ev ia tio n  o f l in e  a f t e r  about 30 m inutes i s  
to  be expected as  the equation  i s  sa id  to  hold only fo r  about 
80^ o f the recovery . In  order to  o b ta in  an a c t iv a t io n  energy 
by th i s  method i t  i s  necessary  to  o b ta in  the  r a te  of recovery  a t  
a t  l e a s t  two w idely separa ted  te  l i te ra tu re s .  As the te n p era tu re  
o f the a n e la s tic  peak only changes slowly w ith  re s p e c t  to  changes 
in  frequency, a la rg e  change in  frequency would be re q u ire d .
This d id  not seem p ra c t ic a b le  as the  change in  specimen s iz e
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vould be to o  g re a t and no h igher harmonies could be used becouse 
because of the  g ra in  s iz e  thermoelasdc e f f e c t  a t  about 1 0 ,OCX) c /s .
I t  i s  extrem ely im portant to  note th a t  r e s u l t s  were ob tained  
by th i s  apparatus a t  a  te n p e ra tu re  abo e lOO^ C^ on peak ageing.
I t  had been fea red  th a t  the recovery  would be to o  rap id  to  be 
follow ed.
(2 ) Temperature S h if t  w ith  Changing Frequency
An a l te rn a t iv e  method of measuring the  a c t iv a t io n  
energy of n itro g en  mo- ement i s  to  determ ine the change in  the  
te: Iperature of the an e la s tic /(a s  the frequency i s  changed. As 
p rev io u sly  d escrib ed  the a c t iv a t io n  energy fo r the  s h i f t  of the 
peak i s  ex a c tly  the same a s  th a t  fo r  n itro g en  d if fu s io n .
The experim ent was t r i e d  a t  f i r s t  using c i rc u la r  
specimens w ith  3/16** diam eter and one which bad been drawn down 
f u r th e r . U nfo rtuna te ly , the change in  frequency was not 
s u f f i c ie n t  to  give an adequate c h r g e  in  peak tem perature. 
U n fo rtu n a te ly , i t  was not p o ss ib le  to  make use o f the  second harmonic 
a t  about 10 Kc/s owing to  the presence of the g ra in  s iz e  th e rm o e las tic  
a t  th a t  frequency.
I t  was decided theh  to  use a re c tan g u la r  specimen w ith 
one sid e  about h a lf  the s ize  of the o th e r. The specimens være 
decarburised  and n i tr id e d  as b e fo re . A fter quenching i t  was 
necessary  th a t  the specimen be s ta b i l i s e d  by ageing before 
measurement. This was done by annealing  i t  a t  100% . fo r an
hour or so. U nfo rtuna te ly , the h e ig h t o f the peak was reduced
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by th i s  p ro cess but . s u f f ic ie n t  n itro g e n  remained in  th e  f e r r i t e  
to  allow  measurement. The r e s u l t s  a re  shown in  Graph 76 in  
which the  specimen had slow ly been cooled through the  peak w hile 
measurements were made a t  low s t r a in  am plitude. I t  i s  c le a r  th a t  
the  specimen had no t been f u l ly  s tn b a lis e d  as th e  peak had reduced 
in  s iz e  between measurements* The a c t iv a t io n  energy ob tained  by 
th i s  method was 22*8 Kcals/mole bu t the accuracy i s  no t very  g rea t 
as i t  i s  d i f f i c u l t  to  determ ine th e  a c tu a l  ten p era tu i e o f the peak. 
Once ag a in  i t  i s  ev iden t th a t  th e re  i s  d i f f i c u l ty  in  determ ining 
.th e  te n p e ra tu re  of the specimen \d iilo  the  bath  i s  slow ly changing 
i t s  tem peratu re.
(3) D eterm ination by d is lo c a tio n  In te rn a l  F r ic t io n  Method
In  order to  use d is lo c a tio n  in te rn a l  f r i c t i o n  methods in
iro n  i t  i s  f i r s t  necessary  to  re-exam ine th e  re le v a n t equations.
The th e o r ie s  o f Granato and Luke a re  a re  s p e c if ic a l ly  fo r  p a r t
d if fu s io n  in  F.C .C . m eta ls .
The problem i s  s im p lif ie d  by assuming th a t  the n itro g en
atoms a re  th e  only in p u r i ty  mobile during  the experim ent. This i s
q u ite  reasonab le  and i s  eq u iv a len t to  Granato and Luke* s assum ption
w ith  reg ard  to  vacancies#
The next a l t e r a t i o n  necessary  i s  in  the number o f
8atoms p er u n i t  cube, i . e .  a  s  2 and no t 4 a s  i s  the  case
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w ith  F .C .ü , metals* This appears in  the/3  term which becoiaes
^  I T ^ j
where Gd/ i s  th e  co n cen tra tio n  of 
n itro g en  atoms*
The o ther term s a re  a s  befnce
Now
A H = A exp[ -As (G ♦ G*o)( 1 ♦ /S  t 3 ) ]
This by ex a c tly  the same p rocess as  p rev io u sly  described
gives the a c t iv a t io n  energy. The fa c to r  of 2 in  th e y ^  term
does no t appear in  the  f i n a l  c a lc u la tio n  which i s  ju s t  as fo r  a
F*G*G* notai*
The specimens wore quenched Aron 600^G under vacuum
in to  o il*  I t  was found th a t  a  w ater qu nch gave a  lower in te rn a l
A r ic ti  m. and i t  was concluued th a t  some vacancies were p re se n t
a f te r  hy water quenching. This was probably  due to  the s t r e s s e s
s e t  up" on quenching ra th e r  than  re te n t io n  of vacancies from the
quenching temperature* Again i t  was not p o ss ib le  to  in v e s tig a te
th i s  e f f e c t  and o i l  quenching was used throughout th ese  ex^)oriments.
I t  yjSLQ found th a t  i f  the upper measuring s t r e s s  used 
—6was 9*5 X 10 in c o n s is te n t r e s u l t s  were ob tained  and i t  seems 
th a t  th i s  s t r a in  i s  too  h%gh and tends to  ren a /e  the  n itro g en  
atoms from the d is lo c a tio n  l in e  in  the  e a r ly  stag es  o f p re c ip ita tio n *  
The s t r a i n  an p litu d e  was lowered to  3 x 10 and i t  was found th a t  
reasonab ly  s a t i s f a c to ry  r e s u l t s  could  be ob ta ined . At th i s  low 
am plitude however the in te rn a l  f r i c t i o n  was no t very h igh  î lu
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and the e r r o r s  due to  the  ap p ara tu s were r a th e r  ev id en t.
A s e r ie s  of r e s u l t s  were obtained a t  v a rio u s  
te  p e r a tu r e s  and are  shown in  Table 16#
Table 16 -  Iron  r i i t r id e d , Queii#h#i Arom 6QU%
% . 1000 B/2* 303 R T^/e Log[T^ R]
15*6 288*2 3*46 43*2 0*00836 0*0192 0*83 -0*909
21 294 3*40 44*1 0*0157 0*0362 1* 61 0*20
29 302 3*31 44*8 0*0286 0*066 2* 96 0*47
37*8 310*8 3*22 45*6 0*0426 0*098 4*46 0*65
44*5 311*5 3*155 46* 5 0*075 0*173 8*03 0*905
T his d a ta  p lo t te d  in  Graph 77 gives th e  a c t iv a t io n
energy fo r the p rocess as  21*5 K cals/m ole. This r e s u l t  i s  in
good agreement w ith  those ob ta ined  by o ther methods and provides 
a s a t is f a c to ry  confirm ation  o f the C o t t r e l l - ( b / lb y  and Harper 
eq u a tio n s . I t  i s  a convincing v e r i f ic a t io n  th a t  the  n itro g en  atoms 
do ccmdense to  th e  d is lo c a t io n s .
Conclusions% - - ^ ^
a / "I t  was found th a t  d a ta  could no t be ob ta inea^ .ijou t
room ten p o ra tu re  on vacancy d if fu s io n  in  iro n  but i t  a%)pears th a t
th e  vacancies move w ith  q u ite  a low a c t iv a t io n  energy.
The movement o f n itro g en  in  iro n  was in v e s tig a te d  and 
i t  was shown th a t  i t  was qui Le fe a s ib le  to  measure the  decrease
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in  peak h e ig h t even a t  freq u en c ies  o f  2 ,OCX) c /s  where the peak 
tem perature i s  o f the order o f 120% . I t  was shown th a t  the ageing 
a t  t h i s  tem perature obeyed Harper* s eq u a tio n . The s h i f t  of peak 
tem perature as the frequency changed was qu ite  a convenient method 
o f d e term ination  but i t  would have been d e s ira b le  t o  have some 
d i r e c t  neasure o f the  specimen te n p e ra tu re .
I t  was a lso  shown th a t  the d is lo c a tio n  in te r n a l  f r i c t i o n  
th e o r ie s  could be adapted to  the  in te rp r e ta t io n  o f n itro g en  d if fu s io n  
in  iro n . The experim ent was c a r r ie d  out and s a t i s f a c to r y  data  
ob ta ined .
To o b ta in  fu r th e r  d a ta  on iro n  e i th e r  fo r  vacancy or 
i n t e r s t i t i a l  d if fu s io n  i t  would seem d e s ira b le  th a t  a m odified 
appara tus be used . I t  would seem th a t  a lo n g itu d in a l type of 
v ib ra t io n  i s  b e s t as th e  frequency can e a s i ly  be changed by leng then ing  
or shorten ing  the  specimen and a thorm ocoiple could be d i r e c t ly  
a tta c h ed  to  th e  node of th e  specimen. I t  would however be necessary  
to  change the specimen te n p e ra tu re  qu ick ly  and th i s  would p o ss ib ly  
be d i f f i c u l t  under vacuum.
L ong itud inal v ib ra tio n  cannot norm ally be made to  have 
a very  h igh  am plitude and th i s  would tend  to  p rec lu d e  d is lo c a tio n  
danping measurements. T ransverse v ib ra tio n s  w ith  the specimen 
supported  a t  the  nodes and e lec tro m a g n e tic a lly  d riv en  and d e tec ted  
might be best i f  the s ip p o r ts  were made to  a c t  a s  thermocouple 
w ires allow ing a f a i r l y  ac cu ra te  measurement of the specimen 
te  Ip e ra tu re  to  be made.
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T o rsion  Pendulum lie s u i t s
The theory  o f Granato and Luke dlscueeed e a r l i e r  was
*
s ta te d  by them to  apply on ly  to  freq u en c ies  of the order o f 10 c / s .  
However the r e s u l t s  o f üm ith, which they  uced in  th e i r  d ism ission* 
were obtained a t  about 700 c / s  and 0*Hara*s and th e  p re se n t work 
in d ic a te s  th a t  the theo ry  a p p lie s  a t  much lower frequencies*  I t
I t  was decided th e re fo re  tv  endeavour to  see i f  the  th eo ry  could 
bo extended a t  l e a s t  q u a n t i ta t iv e ly  to  very  low freq u en c ies  i . e .  I c / s  
and i t  was thus necessary  to  c o n s tru c t a  to r s io n  pendulum. The 
type b u i l t  was roughly  th a t  d escrib ed  by Ke. The specimen in  
the form o f a w ire was held  in  a  f ix e d  upper clang) and i t s  lower 
end was attaclfied to  a swinging i n e r t i a  bnr. Below the in e r t i a  
bar a  po in ted  rod  of b rass p ro truded  in to  a  co n ta in e r o f o i l .
This was used to  reduce tra n sv e rse  v ib ra t io n  of the specimen ascembly. 
Measurement of the ang)litude o f v ib ra t io n  was iieasured by d e f le c tio n  
o f a l i g h t  spo t by a n i r ro r  f ix e d  on the  c ro ss  beam in e r t i a  member.
This spot o f l i g h t  was focused  on a tra n sp a re n t sc reen . The v ib ra tio n  
was in  the specimen by e le c tro n  magnets near the  c ro ss  beam
which were e x c ite d  as  re q u ire d . The method used in  th ese  e^qDeriraents 
was to  e x c ite  the  beam to  give the maximum an p litu d e  re q u ire d , and 
to  note the am plitude of v ib ra t io n  as  i t  decayed every 10 cy c les  fo r  200 
c y c le s . This r e s u l te d  in  v i r tu a l ly  a conp lete  re co rd  of the ang)litude 
dependent spe-eAnKia of the  in te r n a l  f r i c t i o n .  In  t h i s  re sp e c t
-12 5 -
the  to r s io n  pendulum i s  su p e rio r  to  th e  F o rs te r  method.
Both copper and aluminium w ires were used in  th e  
to r s io n  pendulum. The copper (0*036") specimens were annealed 
in  a  h o r iz o n ta l furnace a t  600% fo r  one hour, and th en  c a re fu l ly  
p laced  in  the pendulum and annealed  fo r  a fu r th e r  four hours 
in  s i t u .  Measurements were made on the oanealod m a te r ia l and 
th e  m a te r ia l then  lig h L ly  s tr e s s e d  in  s i t u  and rem easured as 
soon a s  p o s s ib le , i . e .  a f t e r  about 15 m inutes. The r e s u l t s  
a re  shown. 4 7 8
The aluminium wire was measured im m ediately a f t e r  an 
an n ea l a t  400% fo r 2/ 2  hour in  s i t u .  T es tin g  was c a r r ie d  out 
a f t e r  v a rio u s  tim es. 4 4 ^ ^ ^  7 ^
D iscussion  of K esuitS t
The r e s u l t s  fo r  the copper specimen shov/ a  very  d i s t in c t  
change ftpon the arnplituue dependent range to  the independent range. 
T his r a th e r  p re c ise  break away of the d is lo c a t io n s  from the p inn ing  
p o in ts  allow s a c a lc u la tio n  o f change in  loop len g th  due to  s tr e s s in g  
to  oe made.
From the Granato and Luke equation
A t ,  -  ^ < . 4
I f  the background damping i s  su b trac ted  from the measured 
v a lu es o f A j th e  red u c tio n  i s  found by
a l f  3  i-s j i r n e s s e o )  
A I a  (R 'V V /£»<./> )
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I f  a  value of 5 x 10 i s  taken as a reasonable value
and th i s  gives
The s t r e s s  a t  which brealtaway occurs i s  given by 
and thûs
fclfi) .  Ci
amd using the value fjpom the graph
^  = 1 .1 4 0
The above r e s u l t s  ore in  very good agreement w ith  each o ther and 
i f  in  f a c t  the background damping of the apparatus was higher 
than 5 X 10 4t> seems l ik e ly  the agreement woulu be much b e t te r .
The ajove i s  taken as a con v incing  dem onstration th a t  the theory  
i s  sound a t  low freq u en cies.
The aluminium specimens on the other hand did not 
give any an p litu d e  dependents In te rn a l  f r i c t io n  in  the s tr e s s  range 
used but i t s  recovery was measured and p lo tte d  according to  the 
equation lo g A ^ l/lo g  ( l  ♦ 13t^) u sing  the value o f B given by 
Granato and Lulce. As can be seen a f a i r  s t r a ig h t  l in e  was 
ob tained . This i s  reasons ole p roo f th a t  the theory  o f recovery 
ap p lied  even a t  qu ite  low freq u en cies.
Conclus ions % ( l )  I t  was shown th a t  the  th e o rie s  of
> -1 2 7 -
,  r  • . -
Qranto and Luke were ap p lic a b le  a t  low freq u en cies  and the reco ve iy
 ^ - 1s t r e s s  was a..ao sound a t  l e a s t  f a r  ang)litude independent reccr/ery .
(2) I f  the above* theories a re  acce; te d  a very  convenient method 
of determ ining the background damping o f a to r s io n  penduftum i s  
to  determ ine the  red u c tio n  ol loop le n g th  before and a f te r  
elongation*
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The Q xistlng  appara tu s was m odified and improved. 
Measurements can now be naue a t  much lower s t r a i n  an p litu d es  
w ith  accuracy and i t  was found th a t  d i r e c t  measurements on 
the  an ^ litu d e  independent p a r t  of the in te rn a l  f r i c t i o n  could 
be made and th i s  g re a t ly  f a c i l i t a t e d  the  in te rp r e ta t io n  o f 
recovery  phenomenon. d rro rs  a r is in g  from shortcom ings in  
the appara tus were encountered and in  the in te rp r e ta t io n  of . 
recovery  r e s u l t s  i t  was necessary  to  allow  fo r the e r ro rs  of 
the  o s c i l l a to r .  Some estperience was necessary  to  do th is  
and even then  r e s u l t s  could not always be su c c e s s fu lly  in te r ­
p re te d . This type o f e r ro r  could n a tu ra l ly  oe avoided i f  a  
frequency measuring device was pu t in to  the  c i r c u i ty  commercial 
in strum en ts have q u ite  adequate accuracy. lu t  i t  means th a t  
the use of th i s  instrum ent would slow down the r a te  o f measure­
ment and might make recovery  measurement d i f f i c u l t  under c e r ta in  
circum stances. I f  an o s c i l la to r  w ithout the e r ro rs  mentioned 
a jo v e , some form of accu ra te  sweep in stru m en t, were used these  
e r ro rs  would ie avoided.
The recovery  of in te rn a l  f r i c t i o n  in  face  cen tred  cubic 
m etals a f te r  various types o f deform ation was ex ten siv e ly  
in v e s tig a te d . I t  was found th a t  v ario u s types of recovery  
mechanisms were a c t iv e .  Uf th ese  vacancy and divacancy
-1 2 9 -
movement were id e n t i f ie d  and the  a c t iv a t io n  en e rg ie s  of the  
p rocess ob ta ined . These were founa to  be g en e ra lly  in  good 
agreement w ith  those in  th e  l i t e r a t u r e .  I t  was shown th a t  a 
decrease in  the a c t iv a t io n  energy fo r  p o in t d e fe c t ma/ement 
occurred as the co n cen tra tio n  o f p o in t d e fe c ts  in c re ase d .
I t  was in d ic a te d  th a t  the magnitude o f th i s  e f f e c t  was dependent 
upon the  s tack in g  f a u l t  energy of the  m etal. The e f f e c t  being 
g re a te s t  in  m etals of low s tack in g  f a u l t  energy, i t  was suggested 
th a t  the  d is lo c a t io n  arrangem ent, which i s  c o n tro lle d  by the  
s ta ck in g  f a u l t  energy, was r e s p o n s i j le .  The c o n tr ib u tio n  of 
d ivacancies to  the recovery  a f t e r  deform ation was found to  be 
unexpectedly la rg e  and indeed appears troni th e  r e s u l t s  to  be of 
major im portance.
The r e s u l t s  from the in te r n a l ly  ox id ised  a l lo y s  
showed the e f f e c ts  o f the d i f f e r e n t  types o f oxide p a r t i c le .
I t  was shown th a t  in  the  case o f s i l i c a  p a r t i c le s  the  r i s e  in  
in te rn a l  f r i c t i o n  a f te r  o x id a tio n  was emphasised by th e  phase 
change in  s i l i c a  below 200*^0. , The thermodynamic s t a b i l i t y  o f
the oxide was known to  be of some ii^ o r ta n c e  as th e  oxide can 
deconQ)Ose on annealing  under vacuum. The r e s u l t s  ob ta ined  by 
c ^ t ic a l  and e le c tro n  microscopy la rg e ly  conlirm ed pub lish ed  
d a ta .
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Experlments were c a r r ie d  out on ])ure iro n  but i t  
seemed th a t  apy vacancies produced d iffw red w ith  q u ite  a sm all 
a c t iv a t io n  energy. Mitrogen movement in  iro n  was s tu d ied  by 
a number of methods. The in te rn a l  f r i c t i o n  method was 
su c c e s s fu lly  used to  measure the d if fu s io n  of n itro g e n  and 
gave confirm ation  to  the th e o r ie s  c u rre n t on n itro g en  ageing .
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